ssa 


| Conineating 


of 


Aircraft 


Albert A. Arnhym 


Solar Aircraft Company 


cs: | 


Pitman 
Publishing —o 


ee New York + Chicago 


Copyricrr, 1944 
BY 
PITMAN PUBLISHING CORPORATION 


All rights reserved. No part of this book 
may be reproduced in any form without 
the written permission of the publisher. 


ASSOCIATED COMPANIES 
SIR ISAAC PITMAN & SONS, Lp. 
Bath « London + Melbourne + Johannesburg + Singapore 
SIR ISAAC PITMAN & SONS, Lro. 
381-383 Church Street, Toronto 


Advisory Editor 
Proresson ALEXANDER KLEMIN 
DANIEL GUGGENHEIM SCHOOL OF AERONAUTICS 
COLLEGE OF ENGINEERING 
NEW YORK UNIVERSITY 


PRINTED IN THE UNITED STATES OF AMERICA 


PREFACE 


Every step forward in the speed of transportation has been fol- 
lowed by corresponding improvements in comfort. We are a comfort- 
loving race. One of the essentials in our daily living, it appears, is to 
achieve a degree of comfort to the physical senses. ‘This tendency goes 
far back to the dawn of mankind where the first invention in the 
chilly cave was perhaps a wooden stool or possibly an arrangement 
of stone slabs around the fire to carry away disagreeable smoke and 
secure the comfortable heat. 

Probably also, this early ancestor found that his luxurious smoke- 
free cave was desired by others and he had the choice of fighting for 
its possession or successfully selling his services to other Pleistocene 
neighbors—men who were not sufficiently skilled to build a chimney or 
who could not master the intricacies of a wooden stool, 

Judging by the actions of descendants—a breed of men now known 
as “Engineers”—he fought for his rights and also successfully used his 
skill to the ultimate benefit of the human race. If he didn’t, the ideas 
soon were copied and these and other creature comforts were widely 
disseminated and accepted. 

In the field of transportation the saddle and particularly the wheel 
were basic inventions of enormous importance. Later the wagon gave 
way to the coach, the trolley to the bus and, since the turn of the 
century, the early attempts at a gasoline-propelled horseless carriage 
have resulted in the luxurious motor car of today. 

Now again, within our own generation we have man’s mastery of 
the skies. In this brief span of forty years we have seen the first 
successful heavier-than-air flight of a few minutes grow to speeds 
equal to the speed of sound. Military requirements in both Wars 
dictated the development of this invention toward improvements in 
speed and altitude. Little has been achieved toward comfort. And yet, 
if the aeronautical engineer or builder neglects this phase his product 
will not meet with public acceptance. Throughout all history, men 
have succeeded who invented or sold “comfort.” It is my feeling this 
is and will be particularly true in the airplane industry. 

Even here, there is a lesson to be drawn from our Neanderthal 
ancestor whose cave with stools and chimney is to a modem scien- 
tifically heated house as the present airplane heating system is to “X.” 


Lv] 


Or to put it another way: Has the comfortization of aircraft gone very 
much further than the stool and rock chimney era? 

Albert A. Arnhym has reached into this new territory in the present 
book. It is believed that his work is a contribution to a subject the 
‘importance of which is not fully grasped. 

Epmunp T. Price 
San Diego, California. 
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I 
INTRODUCTION 


Originally, there was only one requirement for an airplane, namely, 
that it could fly. However, once the novelty of heavier-than-air fight 
had worn off, the mere fact that the new contraption could rise a 
couple of feet and stay in the air for a few minutes did not suffice. 
Increasingly heavier demands were made by those who became inter- 
ested in flying, resulting in rapid attainment of longer flights, greater 
altitudes and speeds, and a higher degree of safety. 

This development is by no means completed today. Although the 
speeds, ceilings and ranges of modern aircraft are fantastic compared 
to those of only a decade ago (Fig. 1), the contingencies of modern air 
transport and warfare alike require further increase and improvement. 


Drawn by T. A. Biernat for “Comfortization of Aircraft” 
Fig. 1. The Curtiss “Condor,” one of the first commercial transports 
to be equipped with scientific comfortization. 
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The ensuing problems are fundamentally the same for both civil 
and military aircraft. To the slide rule it makes little difference whether 
a required greater useful load is for the purpose of carrying more 
passengers, cargo or bombs. The problems of high-altitude flight re- 
main the same, whether such altitudes must be reached for purposes 
of smoother and faster passenger flight or to avoid anti-aircraft fire. 

Thus, instead of impeding development, requirements of military 
air operations have stimulated it. Once this war is over, the planes 
which our industries had to develop to win it will be far superior for 
peace-time purposes to the finest planes we had at the outbreak of 
the war. 

These considerations apply primarily to the flying qualities of 
aircraft, that is, such features as permit greater ceilings, speeds, loads, 


Fig. 2 


range, maneuverability and safety. In concentrating on equipment 
necessary to attain these features one vital feature: comfort, has been 
sorely neglected. 

Offhand, it may appear ridiculous to compare the importance of 
comfort with that of the basic flying qualities of an airplane. Flying 
is considered a most thrilling experience by many. But today, the man 
in business suit, at the controls of a well-heated and comfortable cabin 
plane, is not a flier. He is merely an altitude driver. Just as the moun- 
tain climber considers the cold and pain and effort as a necessary part 
of the thrill he is seeking, the thrill flier would not feel like a flier 
unless the ice-cold air blew into his face and the cramped cockpit 
made his back ache (Fig. 2). 

The first airplane passengers were not better off than the pilots; 
it is doubtful whether they expected to be. Even when individual 
operators began to carry paying passengers, it did not occur to them 
to waste valuable pounds by putting a stove into the cabin and fixing 
it up with sofas and drapes, washrooms and drinking fountains just 
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to make their fares feel at home. There were sliding window panes for 
ventilation, blankets against the cold and cotton to stuff into the ears. 
What more could anybody want, if he craved the privilege of flying 
as a passenger in an airplane? 

This attitude changed quickly when the first airlines were organized, 
and the problems of promotion and competition became apparent in 
the balance sheets of the new industry. Stephen Zand tells of a promi- 
nent executive in the aircraft industry who, during a meeting of air- 
line operators, told of a transcontinental trip from Los Angeles to 
New York in 1931 which lasted about thirty hours (extremely fast for 
those days) yet he complained that, for 48 hours afterwards, he was 
unable to work so that he had gained little time over a train (Fig. 3). 


Fig 


g. 4 


The men who attended this meeting agreed that commercial air 
traffic, in order to appeal to wider circles and to prosper, had to 
consider the comfort of paying passengers, even at the expense of 
valuable weight. Zand was commissioned to investigate the question 
as to what passengers considered most objectionable in air travel and 
the means to overcome these objections. This was the beginning of 
planned aircraft comfortization. 

The airlines began to look around for suitable heating equipment, 
for comfortable seats and, later, berths. They installed lavatories and 
included galleys to provide full-course meals. They had their planes 
soundproofed and retained men like Howard Ketcham to design 
artistic interiors. Every new type of commercial transport aircraft was 
more luxurious and comfortable than the previous one, yet little of 
the comfortizing equipment developed so far has found universal 
approval and acceptance (Fig. 4). 

The reasons for this are obvious. The rapid growth of aircraft 
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ee an entire new industry which, as wide-spread as it had to be, 

vas an entity in itself, The people who built the air-frames, the en- 
gines, the instruments and other Hight accessories, had a clear under- 
standing of the problems involved and they solved them together 
before fhe planes came off the drawing boards. On the other hand, 
the factories and even stores which had to furnish the seats and the 
galleys, the heaters and the appointments came in when the plane 
design was all but completed. Although they knew little or nothing 
of the conditions existing during flight at great speeds and high 
altitudes, they simply provided wiiheevek they thought to be the 
lightest ie most efficient. It was difficult to convince them that equip- 
ment which works perfectly on the ground will not, of necessity, work 
in a plane flying at 200 miles an hour and an altitude of 20,000 feet, 
or that a relay which has successfully withstood every test on the 
ground may not operate satisfactorily at low humidities and in thin 
air and may fail in the first steep bank when unexpected centrifugal 
forces play their tricks. 

This was particularly true for comfort accessories because it did 
not pay to initiate costly development work for the small quantities 
and returns involved. As a result, each airline had to leave it to the 
aircraft manufacturer to comfortize his plane as close to the specifica- 
tions as possible. The manufacturer, in turn, had to obtain this equip- 
ment and the men to design and select it wherever he could. Accord- 
ingly, the specifications differed as much as the equipment, and even 
the most fundamental requirements and principles involved remained 
the subject of half-hearted discussions and individual decisions. Thus, 
the installation of comfortizing equipment became so complicated and 
iia that it was almost entirely reserved for commercial pas- 
senger liners where price and even weight of tailor-made equipment 
was less important than the wishes of the customers. 

Nevertheless, passenger comfort had to be obtained at the utmost 
saving of wi eight as it was considered necessary only i in order to attract 
enough customers to make the plane or line pay, This became particu- 
larly apparent in providing comfort for the crews of commercial air- 
liners. While crew members were furnished such equipment as was 
considered essential for efficient discharge of their duties, most of the 
conventional means for comfort were not adjudged to fall into this 
class. 

As recently as four years ago the author saw specifications for an 
airliner which provided every reasonable comfort for the passengers 
while the instructions for ventilating the flight-deck read about as 
follows: “If ventilation is desired for the flight-deck, the windshields 
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are to be opened slightly.” Granting that men have been and are still 
flying under worse conditions than that, a pilot operating in a badly 
ventilated or ice-cold cabin cannot be as efficient as a person in charge 
of the lives of some dozen people has to be. There is no need to go 
into the details of what may happen, if any member of the crew, from 
the captain to the stewardess, should be handic sapped by fatigue or 
other physical effects due to lack of comfortization. 

Fortunately, designers and operators of commercial transports soon 


Fig. 8 


realized that the loss in weight caused by comfortizing equipment 
for the crew, actually brings a more important gain, namely, that of 
increased efficiency, vigilance and physical fitness. The modern airline 
executive will, therefore, give the crews of his planes all such aids 
which contribute to their physical comfort and thus decrease the 
danger of accidents caused or aggravated by human failures (Fig. 5). 

The same considerations hold true in ¢ leciding what measure of com- 
fort should be furnished to the crews of militar y aircraft, To start with, 


“it seems ridiculous to even mention the need of comfort for h salthy, 


young soldiers, Would anybody dream of sugge: 
Pi OD 
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sting umbrellas for 


soldiers on guard so they won't catch cold, if they are on duty on a 
rainy night in No Man’s Land? A soldier is willing to sacrifice his life, 
and he may be called upon to do so from one hour to the next. Sore 
feet, an aching back or a running nose are of little significance, if the 
very life is at stake. 

Apparently, this applies to an even greater extent to the pilot of a 
military plane, A flier in combat or on a bombing mission over enemy 
territory is in a situation where a headache or a sniffle are so insig- 
nificant compared to his chances of losing his life or serious injury, 
that it seems a crime to sacrifice a bomb or a belt of ammunition in 
order to take a heater along. Offhand, this sounds very reasonable. 

There is, however, another way of Jooking at it. Soldiers in the 
Arctic are furnished heavy, protective clothing although it impedes 
their movements and interferes with their functions. Since the lack of 
such clothing would seriously affect their efficiency and health, and 
might make them entirely worthless or even a burden to their com- 
rades, comfort, in this case, is more important than the loss in agility 
which it entails, and becomes a military necessity. In providing comfort 
equipment for military flight crews the engineer must be guided by 
similar considerations. 

The part of the engineer in times of war is twofold: he must create 
weapons superior to those of the enemy and protection against such 
weapons in the enemy’s hands. Thus, while the engineer neither fights 
nor plans a war, its outcome may very well depend on his ability to 
outsmart the engineer on the other side. Since the present war is 
dominated by the airplane, the engineer has to use all of his scientific 
training and experience to constantly improve this particular type of 
weapon over that produced by the enemy, and this with the same 
determination and ingenuity with which he has learned to improve on 
the product of a bitter competitor. In other words, he must approach 
every one of his problems solely from the standpoint of good engineer- 
ing, no matter whether the end-product has to serve commercial or 
military purposes. 

One of the fundamental considerations in engineering a commercial 
product is the convenience and comfort of the user, The belief that 
such consideration is unnecessary in the design of military implements 
is erroneous and, particularly so, in the case of military aircraft. Recent 
events on the fighting airfronts all over the world have shown con- 
vincingly that military flight crews deserve as much or even more 
consideration as the user of a commercial product, and that the pro- 
vision of a certain amount of comfort is not less important than the 
design of the airplane itself. 
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The crew of a bomber, for instance, is in full charge of a highly 
valuable piece of equipment. It is not the cost in dollars which mules 
this equipment so valuable, It is the time, the facilities the men and 
the badly needed material it takes to build and equip it, They eet 
not flying this bomber for the sake of income or entertainment The 
are guiding an extremely important weapon for defensive or ated 
action. If they are operating this weapon successfully they ee their 
bomber can attain more than a whole regiment of infantry, a battleshi ®) 
or a battery of guns, If they are unsuccessful, it me ' Tos 


ie ans not only loss 
of a bomber and its crew whom it took many months to train, but 
also possibly loss of 


an Opportunity to prevent damacir sti 
breve amaging stile 
action (Fig. 6), : ie 


The fact that one warplane is successful while another one of the 


s a) 
Fig. 6 


same type with the same armament and a crew of the same training is 
ae ae be explained primarily by one fact: the crew of ie former 
hes es ee shape. Luck is the accident that happens to the com- 
Perent, and the skill, proficiency and physical fitness of the individual 
flier or a flying crew as a whole must be the deciding a 
action in the air, if all other odds are even, oe 
Thus it becomes obvious that comforti 
as vital as offensive equipment itse 
see) of a plane by a few pounds in order to provide heat for its 
pilot is less consequential than if the plane is shot down before it 
c eek apa a because the frozen fingers of the pilot 
andie the stick as well as his enemy. To decrease the 
sie eal by a sae miles in order to install soundproofing is 
portant than to lose the whole ship somewhere over the oce: 
because the drumming ears of the pilot were unable to } x tl : radio 
signals to guide him home. ree 
Any member of a bomber crew who h 
of proper ventilation, hammering noise 
or more is in no position to man the ] 
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factor durin g 


zation of military aircraft is 

bo Ran panes epi : . 
If. To decrease the bomb-carrying 
r Ls 


as been exposed to cold, lack 
and no real rest for 15 hours 
battle stations when, on the way 


home, enemy aircraft attacks. Oxygen is provided for flying at high 
altitudes because the men would die for lack of it. If they lack the 
other essential necessities of comfort, they don’t die from exposure 
or exhaustion, to be sure, but they die because they are unable to 
defend themselves against an encmy who is out to kill them. Thus, in 
comfortizing a military plane, it is not only the pilot or the crew who 
profit by it but the airplane itself which becomes a more powerful and 
efficient weapon since its human control mechanism is operating at a 


greater efliciency. 
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I 
THI COMFORT ACCESSORY GROUP 


LO GENERAL REQUIREMENTS 


An airplane consists, essenti¢ ‘airframe, engines and accessor 
The ee in stares rae a Beta nt pea ret 

é ; ide hose pertaining to 
flight, commercial or military, and comfort. ° 

In comparing the relative importance of these accessory groups it is 
erroneous to assume that the one or the other should be given 
preference in the distribution of weights and space. The need for 
flight accessories, such as instruments, gyropilot, controls, hydraulic 
system, supercharger, etc., is self-evident. This is equally true for 
commercial accessories, that is, provisions for carrying passengers or 
cargo, or for military accessories such as guns, munitions, bomb sights 
and similar equipment. ae . as 

The importance of the third accessory group, that of comfort, is not 
always fully admitted nor understood. It is argued that, up to a few 
years ago, both flight crews and passengers had to be contented with 
little or no comfort equipment at all and got along very well. The 
fallacy of this assumption has been pointed out “in the previous 
chapter, and it has been shown that comfortization is as important 
for passengers as for the flight crews of commercial and military 
airplanes. Then the question arises as to what measure and type of 
comfort is required. Obviously, the extent of comfortization is deter- 
mined, on one hand, by limitations of weight, space, electric current 
consumption and service considerations and, on the other hand by 
the minimum physical requirements of comfort. iy 

Briefly, comfortization can be defined as the art of minimizing or 
eliminating the discomforts inherent to flying. This definition is yaeue 
enough to allow the widest interpretations. T he differences in pinion 
as to what constitutes comfort in general and essential comfort in 
particular, apply equally to commercial as to military aircraft. By the 
same token, the definition of essential comfort in itself must, of neces- 
sity, be based on factors which are again entirely different. ae oe 

In one case, comfort is provided to give a paying passenger the 
benefit of complete relaxation and rest. while traveling, If these 
conditions are not met, he will use planes of another airline or travel 


[9] 


on the ground whenever possible. Thus, comfort on the commercial 
airliner is an accommodation necessary in the interest of profitable 
business operation. Indirectly, this is also true in providing comfort 
for commercial flight crews, 

Comfortization of military planes is based on another type of balance 
sheet, that of striking power vs. weight. The crews of such planes are 
working hard most of the time and are under a terrific mental and 
emotional strain. They cannot cancel their reservations and if they 
fail, no matter for what reason, the consequences to themselves and 
to a multitude of other people may be dreadful. Therefore, the scope 
of comfortization of military planes is much narrower and more clearly 
defined, 

Obviously, the extent of essential military comfort will vary con- 
siderably for different planes, different purposes and even different 
fliers. While some persons, for instance, are wholly unaffected by noise 
of certain frequencies, others actually suffer physically and become 
unfit for their task. One solution of this problem would be to eliminate 
all such men from flight duty although others, less sensitive to noise, 
may be much more sensitive to cold, heat or high altitude. 

However, it is impossible to eliminate everyone who is affected by 
the one or the other discomfort of flying. It is much easier to eliminate 
such discomforts as are common sources of serious handicaps and thus 
ease the restrictions which are still keeping many otherwise qualified 
young men out of the air. 

To arrive at an understanding of what constitutes essential airplane 
comfort, it is, therefore, best to define it for commercial aircraft first 
and then narrow it down to the specific requirements of aerial warfare. 


2.0 REQUIREMENTS OF PASSENGER ComMrorr 


Stephen Zand, after completing the investigation mentioned in 
Chapter I, listed the following objectionable discomforts, enumerated 
in the order of their importance:? 

. Noise; 

. Ventilation; 

3. Changes of the attitude of the airplane (bumpiness); 

4, Meat or cold; 

5. Improper seating accommodations producing muscular fatigue; 
. Mechanical vibration; 

. Rate of climb or descent; 

. Altitude; 

9, Smell. 
Immediately after completion of this list steps were taken in co- 
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operation with both aircraft manufacturers and airlines to eliminate 
the major discomforts. One of the results of these efforts was the 
design of the 18 passenger Curtiss “Condor” by George A. Page, now 
Director of Engineering for the Curtiss-Wright Corporation, who, 
together with Zand, incorporated 
in this plane what was then the 
first scientific soundproofing as 
well as heating and ventilating 
installation on a passenger air- 
plane (Fig. 7). 

Only a few years later W. W. 
Davies of United Airlines revised 
the above list considerably, prov- 
ing that some progress had been 
made, both in the development of 
comfortization equipment and in Fig. 7 
the realization of the scope and 
necessity of comfort. He divided passenger comfort into two groups: 
indirectly and directly contributing to comfort.” — 
Directly contributing: 


Indirectly contributing: 


1, Space accommodations; 1. Oxygen equipment; 

2. Interior design; 2, Lavatory facilities; 

3. Noise prevention; 3. Sanitation and fumigation; 
4, Heating and ventilating; 4. Airplane operation; 

5. Lighting; 5. Vibration. 

6. Catering, 


The interesting difference between the lists of Zand and Davies is 
the addition of factors which show a marked tendency toward pro- 
viding not only physical but also mental and emotional comfort as 
evinced by the emphasis on interior design, lighting and catering. 
Both stress the importance of heating, ventilating and prevention of 
noise and vibration. —— . 

A third and final list takes into account the latest developments and 
specifications of both airline operators and manufacturers as well as 
the more clearly defined trend in providing passenger comfort. This 
list reflects the advance in serious desire to make air travel com- 
fortable and enjoyable, even at the expense of considerable weight: 

1. Air conditioning; 


6. Lighting; 
* ‘. * ie Re 
2. Noise and vibration control; 


7. Styling; 


3. Seating and berthing; &. Catering; 
4. Comfort of air travel; 9. Kase of motion; 
5. Lavatory facilities; 10. Entertainment. 


fil] 


Each of these items is as important as the others in creating complete 
comfort and attracting paying passengers. However, while all of these 
items should be given equal consideration and effort, Jack or de- 
ficiencies of those higher up in the Hst will cause serious discomfort 
and even physical pain while the others are desirable only from a 
standpoint of complete relaxation and traveling enjoyment, compar- 
able to that on luxurious trains or boats. Surprisingly enough, only 
few of these items can be omitted in a similar list of essential comfort 


on military aircraft. 


3.0 RequimeseNnts OF MILITARY COMFORT 

8.1 AIR CONDITIONING heads the commercial list. There is no doubt that 
the supply of air and heat is equally vital on military aircraft. However, 
while heating and ventilating on passenger planes are usually fur- 
nished by the same equipment, military requirements often necessitate 


Fig. 8 | Fig. 9 


a strict separation of these two items. In this separation the top position 
goes to ventilating which, in this case, is more appropriately termed 
“Air Supply.” This item includes not only the normal supply of fresh 
air to the cabin or individual stations but also the supply of oxygen 
at high altitudes, cabin supercharging, blasts of cold air to prevent 
black-outs, ete. 

Heating, the second requirement for essential comfort on military 
aircraft, comprises all equipment and devices for the generation and 
distribution of heat; heating of cabins or individuals, anti-icing and 
prevention of fogging of windshields, or for the heating of military 
equipment and apparatus such as cameras, gun breeches and the like. 

No provisions are made for cooling and humidity control. However, 
even the most modern airliners lack this comfort, simply because there 
is no equipment available, as yet, which will provide efficient, complete 
air conditioning in the air. While attempts have been and are being 
made to utilize the vapor in the exhaust gas for humidification at high 
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altitudes, it is excess humidity which must be dealt with on military 
planes. ; 

There is general agreement that cooling is not required during flight 
as long as individual cold-air nozzles are provided which supply out. 
side air to passengers as desired. Actual refrigeration is considered 
necessary only for an occupied plane on the ground, Commercial air- 
lines solve this problem by using elaborate ground equipment for air 
conditioning of planes before occupancy or during long stopovers 
(Fig. 8). Obviously, such equipment is out of the question for military 
purposes. 


3.2 NOISE AND VIBRATION CONTROL are usually interdependent on corn- 
mercial planes. On military aircraft these items must again be sepa- 
rated. Vibration control is employed only where its lack sion affect 
the operation and life of equipment used for flying or military purposes. 
But control of excessive noise must be undertaken even at the cost of 
valuable weight. 

It has been established definitely that the high noise levels encoun- 
tered in most airplanes cause hearing losses in pilots, although not 
always to the same degree. Continued exposure results in decreased 
acuity for tones of lower pitch. The affected pilots must turn their 
radios on louder and louder to hear the radio guide beam at low 
frequencies or for certain words, and even this will become ineffective. 
Pilots grow unable to hear landing instructions with the required exact- 
ness or, for that matter, other vital messages which must be received 
complete in order to be understood. Noise is a serious enemy and 
must be dealt with properly.* | 


3.3 PROPER SEATING and BERTHING come next on the comfort list for 
commercial airliners. Again, there must be a distinction between com- 
fort for paying passengers and that for soldiers who are at work and 
must be kept in fighting trim, A seat on an airliner should be so de- 
signed as to give the passenger the complete comfort of relaxed rest 
and, it is often required to convert this seat into a comfortable berth 
with a minimum of effort, time and added weight. 

On the military plane, it is of the utmost importance that every crew 
member can remain at his respective station for any length of time 
with a minimum of physical discomfort. A pilot, cramped ‘into a hard 
and uncomfortable seat, can certainly not be expected to react as freely 
and quickly as if his body were rested. A radio operator, his body 
aching from balancing on a hard stool for hours at a time, cannot con- 
centrate on his vital duties. The gunners and bombardiers are usually 
even worse off although their duties require at least as much physical 
effort and fitness as those of the others (Fig. 9). as 
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During long-range reconnaissance or bombing missions the matter 
of rest is as vital as the supply of air or food. However, rest is ab- 
solutely useless and possibly even harmful, if it does not provide 
complete relaxation. Proper seating and resting facilities are, therefore, 
the next requirement for comfort on military aircraft, 


3.4 COMFORT OF AIR TRAVEL is the next item on the list for airliners. This 
refers to overcoming or minimizing such discomforts as are common 
for air travel: air-sickness, the effects of altitude and of sudden changes 
of the attitude of the airplane, quick ascents and descents, ear trouble, 
ete, Commercial airlines have, so far, not been able to do very much 
about these discomforts but they are trying to decrease their effects on 
the average passenger. Skillful piloting can do much to allay them 
within certain limits. This, however, is impossible in aerial warfare. 
lt would be ridiculous and even criminal for a military pilot to gain 
or lose altitude in accordance with comfort instead of the requirements 
of the moment. 

In selecting the personnel of fighting aircraft one of the primary 
conditions is that the applicant is unaffected by the discomforts of 
air-travel itself; there is nothing that can be recommended to counter- 


act these discomforts that would not, at the same time, seriously affect - 


the fighting qualities of both aircraft and crew. For this reason com- 
fortization of air travel has no place on military aircraft, 

There is a different kind of comfort which must be added instead. 
While the movements of military planes are, of necessity, often ex- 
tremely abrupt and require very fast ascents and descents, they usually 
will not handicap the average flier. Unfortunately, this does not apply 
to the pilot and gunner of a dive-bomber. It goes without saying that 
the tremendous speeds and gravitational forces encountered in dive- 
bombing and, particularly, in pulling out of a dive are more than even 
the healthiest human body can stand for long. 

Medical and technical research in “black-outs” of dive-bombing 
pilots has gone a long way in examining the causes and finding means 
to prevent them. Although the conditions under which dive-bombing 
is undertaken are so different from most other war aircraft, prevention 
of black-outs and similar effects of dive-bombing offers a phase of com- 
fortization which is as strange to the commercial airliner as comfortiza- 
tion of air travel is to the military airplane: “lighting Comfort” should 
rank next in the list. 

This includes means for prevention of black-outs; seat armor and 
other protection against shell splinters; suitable flight gear and ac- 
cessories; first-aid equipment; parachutes; life rafts and such other 
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facilities as will assist the fliers in overcoming the effects or after- 
effects of aerial combat. 


“oe yar a or ee am . * s 
3.5 LAVATORY FACILITIES are another requirement on the commercial 


- list, Space and weight limit such facilities but certainly they cannot be 


primitive. A businessman who travels to save time, wants to wash and 
shave before stepping off the plane. For this reason, hot and cold 
running water, electric outlets for razors, etc., are provided for his 
comfort, 

The men on a bomber can live and fight with or without a beard, 
and their physical comfort will not be seriously affected if they cannot 
wash their hands for the duration of a flight. However, there should be 
suitable toilet facilities on long-range warplanes if only for the exi- 
gencies of sanitation and health. : 


3.6 PROPER ILLUMINATION is of far greater importance on the military 
plane than on the commercial craft. The general lighting of the cabin 
of an airliner is usually synchronized with the styling of the plane. Tt 
is soothing, cozy and, therefore, often insufficient for activities requir- 
ing good light. However, the only activity of this type which the aver- 
age passenger performs is reading, and for that purpose reading lights 
are provided. Limitations of weight and current are always in evi- 
dence, even where more light is desirable, such as in the lavatories, 
but usually not to such a degree as to affect the comfort of the pas- 
sengers. 

However, in all fairness to the designers of the interiors of military 
aircraft, it seems that the problem of proper lighting and illumination 
has not been given the importance it deserves. It is not enough that 
maps and dials, levers and switches, markings and calibrations can 
barely be found and distinguished. They must be so readable as to 
make errors impossible. This necessitates well-designed illumination 
which should avoid glare, reflection, leaks to the outside or interference 
with the work of other crew members. Improper lighting will result in 
eye fatigue, headaches and general impairing of the physi cal well-being 
of the men whose eyes are over-taxed. If the comfortization of war- 
planes is accepted as an essential and integral phase of the design of 
such craft, lighting must and can be added to the list of required 
comforts. 

3.7 styLinc of the interiors of air liners has become an important phase 
of cabin design. Artistic selection of colors, fabrics and appointments 
give the passenger an added feeling of comfort, of spaciousness and 
relaxation. However, styling is a comfort of choice rather than neces- 
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sity and is an impor an item on the list of commercial requirements 
merely because it greatly aids in attracting passengers. While it would 
not require added oes space and cost to design the interior of a 
military plane with taste and appeal, it would be going too far to class 
such a eee as military comfort. The manufacturers of military air- 
craft will use their own judgment in properly designing interiors of 
warplanes (Fig. 10). 

3.8 CATERING should not be a surprise item 
on the suggested list for comfort on mili- 
tary craft. A flier whose mental and physi- 
cal reserves are constantly drained during 
a flight under wartime conditions must be 
fed properly in order to remain in full pos- 
session of his fighting qualities. The pro- 
vision of properly selected and warm food 
and means for keeping it appetizing and 
fresh, as well as a supply of suitable drink- 
ing water, are essential for comfort on 
military aircraft. 


Fig, 10 


3.9 EASE OF MOTION ranks next on the commercial list. This require- 
ment permits passengers’ movement in, out of and into seats and berths, 
or through the plane and into other compartments, lavatories, ete., 
without unreasonable difficulty. Space limitation is the prime factor 
which makes it difficult to find a satisfactory compromise. However, 
close co-operation between the designers of the plane interior and 
those of the seats, berths and fittings will usually result in acceptable 
solutions. 

On military aireraft quick and unimpeded motion from one part of 
the plane to ‘the other, or from and into a station becomes vital. Such 
rapid movements are often of the utmost importance. Ease of motion 
becomes an even more important requirement of military than com- 
mercial plane comfort. 


3.10 ENTERTAINMENT closes the list of comfort for air passengers. Like 
styling, entertainment is a sales requirement for the airlines, and a com- 
fort well appreciated by passengers. Magazines, windows suitable for 
viewing the scenery and flight routing designed to fly over interesting 
territory are some of the entertainment features. 

The crews of military planes must be on the alert during every 
waking minute. They neither expect nor desire comfort that is un- 
reasonable and not helpful to their task. Whatever time there is on a 
warplane for relaxation will be used by the men in their own way, and 
without any facilities. 


[16 } 


3.11 summrarizinc the comforts required for the physical fitness of 
crews on military aircraft, the following list can be established: 


L, Air supply; 6. Lighting; 
2, Heating; 7. Food: 


3. Fighting comfort; 
4, Seating and resting; 
5. Soundproofing; 


8. Lavatory faciliti 
9. Base of motion. 


While the order in which these comforts are listed is based on their 
importance, it is a matter of opinion whether the one or another classifi- 
cation should be shifted. However, it will be shown that there are 
other considerations which su pport this specific classification. 
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SELECTION OF COMFORT FEATURES 


1.0 Inrropucrion 


The list of essential comfort equipment for military aircraft does not 
imply that all of the items must be incorporated on every military air- 
plane. A single-seater fighter can hardly be provided with a sound- 
proofing installation or a lavatory; a four-motored transport needs no 
provisions to prevent blackouts during dive-bombing attacks. In other 
words, a number of factors must be considered before selecting comfort 
features from the foregoing list. It will be found that planes of similar 
size have sirnilar comfort requirements while planes of similar classifica- 
tion use similar means for meeting these requirements. 

Although this similarity does not, of necessity, apply to the equip- 
ment selected for these purposes, it assists in establishing the limits 
and scope of comfort features for both military and commercial air- 
planes as will be shown. 


9.0 Com¥orr SELECTION BY AIRPLANE SIZE 

In selecting comfort equipment in accordance with size there are, 
basically, three comfortization types of aircraft: 

1. The “cockpit” plane is 
usually a single- or two- 
seater, powered by a single 
engine, with full-open 
cockpit or a sliding cock- 
pit hood, and very little 
room. Civilian planes of 
this type are light, private 
planes. Military cockpit 
planes are represented by 
fighters, interceptors, pur- 
suits, dive-bombers, torpedo planes and trainers (F ig. 11). 

2. The “cabin” plane carries a crew of three or more, is powered by 
one or two engines, has a closed cabin and is more spacious, permitting 
movement of the occupants. Its range is usually limited. To this class 
belong the light and medium bombers, and small military or com- 
mercial transports (Fig. 12). 


Fig. 11 
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8. The “compartment” plane, in addition to a crew of five or more, 
is suitable for carrying heavy loads such as bombs, cargo or passengers. 
It is powered by two or = 
four engines, has a closed 
and, usually, insulated cab- 
in. It is quite spacious, per- 
mitting the incorporation 
of much accessory equip- 
ment. Its range is normally 
very long. This is the class 
of the heavy bombers and 
large utility planes such as 
cargo and transport ships. 
The commercial version is 
the trans-continental or trans-oceanic airliner and heavy cargo carrier 
(Fig. 18). 

It is obvious that all military planes, no matter what size or classifica- 
Uon, require air supply, heat supply and fighting comfort. Seating and 
resting, soundproofing, and lighting, should be added for planes of the 


Fig, 12 


; Fig, 13 


cabin and compartment types. The final three items, food, lavatory 
facilities and ease of motion, are normally found only on compartment 


planes, 

Since each of the three comfort groups is typical for a particular 
comfortization type of airplane, it is logical to designate the first group 
consisting of the first three items, as: “cockpit comfort”; the seband 
group: “cabin comfort;” and, the third one: “compartment comfort.” 

In non-military planes these comfort groups consist of somewhat 
different features. The private plane comparable to the military cock- 
pit plane is hardly in existence any more and will probably completely 
disappear after the war. The private flier will demand at least as much 
comfort on his plane as he can find in his automobile. The open-cock- 
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pit type plane will be out- 
moded, used only for train- 
ing or thrill flying. 

Comfort — requirements 
for such planes are neg- 
ligible. Thus there will be 
only two general types of 
non-military aircraft, as far 
as comfortization is con- 
cerned: commercial planes 
and private planes. 

All of the features enu- 
merated in the list of com- 
mercial comfort equipment 
earlier should be mandatory for the commercial airliner of the 
future. Naturally, the extent of comfortization will increase or decrease 
with the size and range of the transport. 

As to post-war private planes, 
there should be the following 
comfort features: (1) Ventilat- 
ing; (2) Noise and Vibration 
control; (3) Heating; (4) Com- 
fort of air-travel; (5) Styling. 
These requirements are not ex- 
aggerated, The Piper Aircraft 
Corporation provides heating 
equipment and was the first to 
adapt a muffler to the light air- 
plane; it is standard equipment 
on all their models. 

The Taylorcraft Deluxe, two- 
place monoplane—Figs. 14 and 
15—features comfort which is 
comparable to that of a Juxuri- 
ous automobile. 

A summary of all comfortiza- 
tion types of airplanes and their requirements can be best shown in 
the following table: 


oars 


Fig. 14 


Fig. 15 
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COMFORTIZATION TYPES AND THEIR REQUIREMENTS 


Comfortization er ; i 
Type vomnfortization Requirements 
od | 
Jeisaranannctiguipeata es ane | : spite ati a 
Military 
Cockpit : : Supply 
Type Cockpit Heat Supply Non-Military 
Comfort |.) 0. ‘ 
Fighting Comfort 
Ventilating 
; Heat Supply Noise and Vibration Control 
Cabin Fighting Comfort Seating 
Type Cabin Seating and Resting Comfort of Air Travel 
Comfort Soundproofing Styling 
Lighting 
Air Supply Air Conditioning 
Heat Supply Noise and Vibration Control 
Wghting Comfort | Seating and Berthing 
Compartment Seating and Resting Comfort of Air Travel 
Type Soundproofing | Lavatory Facilities 
Lighting | Lighting 
Compart- : ean Facilitic re 
ment Comfort 1L¥tory Facilities | Catering 
om | Base of Motion Ease of Motion 
| Entertainment 


This table is, of course, only a general guide in the selection of 
comfort features to assist in establishing only the minimum comfort 
requirements for planes of a certain size. 


8.0 Comrorr SELECTION By AmPLANE CLASSI 


Although planes of the same size will, in most cases, require the same 
comfort features, entirely different means might have to be used to 
incorporate such features. The choice of these means is dictated by the 
scope of optimum comfort. ; 

The scope, in turn, of each comfort item, be it air supply or lavatory 
facilities, depends on the characteristics of the individual plane. These 
characteristics fall, generally, into two classes, namely those pertaining 
to performance and those established by the purpose of the airplane. 


3.1 CONSIDERATION OF PERFORMANCE CHaracrernisrics: As will be 
shown, air supply can be furnished in a number of ways, ranging 
from a simple air scoop to an elaborate super-charging system. 
Obviously, the prime factor in selecting the means for air supply 
on an airplane is the altitude at which it will normally travel. The serv- 
ice ceiling of a plane has also a decisive bearing on the choice of the 
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heating system and other comfort items. Thus, altitude or service 
ceiling becomes the first performance characteristic which must be 
taken into account. 

A factor of similar influence is the range for which the airplane is 
designed. If the range is very long, resting accommodations, lavatory 
facilities and food supply, to mention only a few items, must be more 
elaborate than on a plane of short range. 

The speed of the airplane is another performance characteristic of 
importance inasmuch as it may decide the design of the ventilating and, 
possibly, heating or sound-proofing installation, as well as of such 
items-as fighting comfort or comfort of air travel. 

Primary among other major considerations of performance charac- 
teristics is the weight which can be allotted to the comfort equipment. 
Weight limitations, particularly if made unwisely, may not only seri- 
ously aggravate the design difficulties of comfort devices, but often 
result in the selection of wholly inadequate equipment. This applies 
equally to limitations of space, electric current consumption, ete. 


3.2 CONSIDERATION or Purpose Cuaracrenistics: In selecting comfort 
equipment for an airplane, the analysis of the comfortization type, 
that is, the size of the airplane, will establish the comfortization group 
or individual features which should be incorporated. A study of the 
performance characteristics will usually show what type of equipment 
has to be used for this purpose. The final consideration of the purpose 
characteristics, will assist in narrowing the requirements to a point 
where adequate specifications can be written. 

First among these latter characteristics is the purpose for which the 
plane is to be used. In dealing with a military cabin type, for instance, 
the plane may be a small transport, a cargo plane, a bomber, or a 
combination bomber-attack ship. Obviously, the comfortization equip- 
ment will have to be selected accordingly. 

Another consideration is that of the type and number of crew or 
passengers who may have to be carried. The passengers may be para- 
troops who require Jess comfort than wounded or refugees who are 
being evacuated by air. If the transport is a commercial one, the extent 
of the comfort equipment is, of course, considerably broader. 

The climate and weather in which the airplane will have to operate 
has likewise a definite influence on the selection of the comfort equip- 
ment, Some planes operate in warm and moist climates, others in very 
cold regions. Finally, there are planes which have to fly in every con- 
ceivable type of weather and climate and must be designed accord- 
ingly. 
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IV 


PLANNING OF COMFORTIZATION 


1.0 InrRODUCTION 
2 0 
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The planning 
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Navy and Air Forces of the Allied Nations. In the case of private air- 
planes the manufacturer himself can be considered as the procuring 
agency inasmuch as he establishes such specifications as he feels are 
necessary to produce a saleable product. 

Ordinarily, the procuring agency will not consult the manufacturer 
as to the fundamental requirements of the airplane which it desires to 
procure. Rather, it will contact a number of manufacturers and submit 
to them very definite data, although it might approach a manufacturer 
concerning a plane which he has in production and discuss with him 
such changes as would be necessary to meet its particular require- 
ments. 

These requirements are not necessarily limited to size, speed, range, 
ceiling and similar factors but may also pertain to the incorporation of 
specific devices and equipment. In dealing with government agencies 
such a procedure often leads to the installation of what is commonly 
termed “government furnished equipment” and may apply to any one 
of the components of the airplane, from engines to machine guns. 

The comfort equipment is usually not part of the requirements be- 
cause its selection is actually a result of these requirements once they 
have been firmly established. For instance, if a plane is to have a 
service ceiling of 35,000 feet but should not be super-charged, oxygen 
equipment must be supplied. Similarly, there is no need to make provi- 
sions for parachutes and their storage part of the fundamental require- 
ments. ; 

Therefore, the planning of requirements should merely concern the 
purpose of the airplane, whether it has to serve the trans-Atlantic 
transport of paying passengers or dive-bombing. Since this phase of 
planning is based entirely on either commercial or military considera- 
tions, it should not be undertaken by the engineers but by either the 
airline executives or the military heads of the governmental procuring 


agency. 


3.0 PLANNING OF SPECIFICATIONS 


Upon establishing the requirements of an airplane the procuring 
agency issues details of these requirements in the form of definite 
specifications for the manufacturer. The manufacturer, in turn, may 
request modification of such specifications if, in the opinion of his engi- 
neers, they are too difficult or impossible to meet. 

Once agreement has been reached on the. general specifications, the 
airplane manufacturer draws up considerably more detailed specifica- 
tions for his own production as well as the suppliers of accessories and 
equipment. These, too, may request changes which can have such a 
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mveen the representatives of the 
fachurer and the suppliers of accessories are necessary. 

‘This process may become quite involved and complicated as is illus- 
trated in the following example: Assuming that the procuring agency 
has ordered a medium bomber of specified gross weight, speed and 
ceiling. Among others, it was further specified that, without expending 
unreasonable weight, the plane should be soundproofed in such a 
manner as to permit “conversation im a normal tone of voice” in the 
navigator’s cabin. This general specification is interpreted by the engi- 
6 airplane manufacturer through establishing the figures 
allowable noise level and the weight at which it 


neers of th 
for the maximum 
must be obtained. 

The supplier of the soundproofing materials and his engineers may 
now prove that either this weight has to be exceeded or the sound- 
proofing requirements lowered. Since any excess weight must be 
set the gross weight limitations while, on the 
nufacturer does not feel that a lesser noise 
level reduction would meet the broad requirements for effortless con- 
versation, 4 compromise becomes necessary. This is negotiated in 
aree_ parties concerned and will usually lead into 
and consultations with superiors and experts. Like 
lt of these negotiations will not be entirely 


avoided in order to me 
other hand, the aireralt ma 


meetings of the 
lengthy discussions 
all compromises, the resu 
satisfactory to anyone. 

This example represents a by no means infrequent occurrence, and 
is typical for comfort accessories which are still too unfamiliar to most 
people to be sufficiently appreciated. Therefore, it is essential to estab- 
lish a basis on which a procuring agency ean formulate its require- 
ments, the airplane manufacturer can draw its specifications and the 
supplier of comfort equipment can make his designs. 


4,0 PLANNING OF EQUIPMENT 

Up toa short time ago it was very difficult to interest manufacturers 
in the development and production of special aircraft accessories, Jet 
yertaining to comfort. Planning of this equipment was, 


alone those | 
then, quite a task because the aircraft manufacturer had the choice of 
en though it fell 


either buying whatever was commercially available, ev 
short of his specifications, or he had to develop and build it in his own 
plant. 

Naturally, a manufacturer of such products as temperature controls 
could hardly afford to initiate lengthy research in order to develop a 


temperature control for an airplane cabin heater, with the prospect 
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Vv 
COMFORTIZATION STAN DARDS 


1.0 Purrose oF STANDARDS 
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2.0 STANDARDIZATION OF COMFORT REQUIREMENTS 
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stumped by unreasonable requirements and will find their task im- 
measurably facilitated. 


3.0 STANDARDIZATION OF COMFORT SPECIFICATIONS 


A procuring agency may specify ventilating requirements as follows: 
“Adequate ventilation shall be supplied to all occupied spaces of the 


airplane.” Obviously, this specification is entirely superfluous inasmuch 


as it is understood that a flight crew is not supposed to suffocate. In 
addition, the term “adequate ventilation” may lead to wide speculations. 

If, as a result of this, too little air is supplied under certain condi- 
tions of flight, the flight crew will experience considerable discomfort. 
If too much air is supplied, the flight crew may not only have to put 
up with drafts and other discomforts, but the ventilating system will 
be inefficient, heavier than necessary and entirely unsuitable. Obvi- 
ously, there is only one solution to this problem, and that is to estab- 


- lish, once and for all, a clear definition of what constitutes “adequate 


ventilation.” 

Similar considerations apply to such vague terms as “adequate il- 
lumination” or “reasonable heat.” Without standards, it is left entirely 
to the manufacturer to supply heat or air or light in what he considers 
to be reasonable or adequate quantities. The problem lands on the 
desk of an engineer whose task it is to translate these terms into btu 
per hour, cfm, or foot-candles. Having very little to go by, the engineer 
will select a figure from a book or a catalog which will usually vary 
considerably from the results obtained by an engineer of another fac- 
tory who happened to get his figures from another book or catalog. 

The real martyr in this case is the supplier of the accessory equip- 
ment because, every time he sells his equipment to another mamufac- 
turer, he has to meet different specifications. The result of this method 
is not only waste and inefficiency but, in many cases, a constant source 
of confusion for the flight crews and service men. 

This situation has long been recognized by a number of responsible 
parties who set out to solve this most complex of problems in the only 
possible manner, namely, by establishing standards for aircraft specifi- 
cations. This work is being carried on by the Society of Automotive 
Engineers in collaboration with the National Aircraft Standards Com- 
mittee and the Aeronautical Board, the National Advisory Committee 
for Aeronautics and other groups who are spending considerable re- 
search, time and effort in order to arrive at specifications which apply 
to all phases of aircraft design.t 

Once these standards are established and accepted, there can be no 
guess work in writing specifications. As a matter of fact, it should be 
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entirely unnecessary even to write specifications for comfort equip- 
ment, and it should be sufficient to merely state that, for instance, the 
vabin of an airplane is to be Seca The air quantity which has 
to be supplied in this case as well as the required amount of heat and 
other factors can then be found in the respective standard sheets, 


4.0 How ro Anaive ar STANDARDS 

Standards for aircraft comfortization equipment like most other 
standards must, of necessity, be broad and general in order to meet 
all possible contingencies. On the other hand, the standards should 
not leave anything ¢ to the imagination or diser etlon of the person who 
uses them in preparing specifi vations, Inasmuch as aircraft comfort is a 
very new accessory group, and, actually, not even recognized as such, 
its standards are not only of a directive but also explanatory nature. 

The first step in creating comtortization standards is to consult the 
people who are interested in the selection and design of this equip- 
ment and those people who have to use or service it. Consequently, 
the following parties must he considered: 


4.1 vue procuninc acencis. These are Army, Navy and_ airlines. 
Their interest lies in the assurance that whatever standards for comfort 
equipment are accepted will neither be too broad to interfere with the 
other requirements of the airplane, as established by them, nor be too 
narrow to make the installation of such limited comfort worthwhile. 


4.2. THE AIRPLANE MANUFACTURERS, The manufacturer must be sure 
that the adopted standards are adaptable to the particular type of 
plane or planes he is building, and that he can readily fabricate, pro- 
cure and install satisfactory equipment within the scope of the stand- 
ards. 


4.3, THE ACCESSORY MANUFACTURER. The industry which supplies the 
comfort accessories and devices should, of course, play an important 
role in approving standards pertaining to their products. 

Failure to do so in the past has either resulted in requirements which 
these manufacturers could not meet or which were so widely divergent 
that many products had to be custom-built. Standardization of require- 
ments, however, will enable the accessory manufacturer to anticipate 
specifications and to develop, produce and deliver standard models 
faster and cheaper, without fear of rejection or request for changes 
somewhere along the line, 


44 ATCRAYT RESEARCH. The next group to be consulted are those in- 
stitutions and societies which have made the study of comfort and 
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other accessories their specialty. Among these are, primarily, the 
National Advisory Committee for Aeronautics, the Guggenheim Insti- 
tute of Aeronautics and other organizations. The research which has 
been conducted by these groups and the experiences which they have 
collected should form the actual foundation for the writing of all air- 
craft standards. 


4.5, rLicur crews. Another group of people who can contribute valu- 
able advice consists of the pilots and flight crews. No matter how well 
designed and throughly tested a piece of equipment is, only actual use 
will show whether it is any good or not. For instance, there is a ten- 
dency of incorporating numerous controls, indicator lights and instru- 
ments on the panels of equipment which are very desirable in the lab- 
oratory and during test flights. However, neither the pilot nor any 
member of the flight crew has the time or inclination to add the opera- 
tion and observation of comfort devices to his other duties. Their com- 
ments about this and other phases of comfort design should be con- 
sidered seriously because they are the ones who not only can con- 
tribute the most useful empirical data but are supposed to profit the 
most from this equipment (Fig. 17). 


4.6 GROUND crews. Men who are responsible for the servicing and 
upkeep of equipment have enough practical experience to make their 
suggestions worth listening to. There is quite a difference between 
regular service in the fully equipped hangar of a large airport, and 
emergency repairs and service in the desert. Anticipating such con- 
tingencies, it is not sufficient to pass up service requirements with 
phrases like: “Service and repairs nvust be accomplished in the simplest 
possible manner and without the aid of special tools.” 


4,7 passencers. The next group whose comments are of considerable 
interest, are the passengers on both commercial and military transports. 
Zand based his entire work on just such comments and thus created 
the beginning of aircraft comfortization. Therefore, it is imperative, be- 
fore establishing the standards of comfort for passengers, to find out 
what people other than engineers or purchasing agents consider to be a 
comfortable seat or a convenient berth (Fig. 18). 


4.8 rLicuY prysiciaN. Finally, there is one person who is most vitally 
interested and experienced in physical welfare, and yet has hardly ever 
been consulted in arriving at the standards for comfort equipment— 
the flight physician. No matter what other individuals or groups con- 
sider comfort, it must be left to the medical profession to determine 
whether a method for creating comfort is conducive to health and 
physical requirements of the body. For this reason, the physician 
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should join the circle of technical, industri al, military and business men 
in approving standards for comfort. 


5.0 Scope or STANDARDS 


It is, of course, difficult to write standards which give the comfortiza- 
tion engineer all of the information necessary to specify or design a 
particular type of equipment and, at the same time, make these stand- 
ards applicable to all other 
cases. Therefore, the standards 
must be limited to the funda- 
mentals of design. 

For example, the standards 
for air supply should specify the 
amount of air to be supplied 
under various conditions and 
similar data which pertain di- 
rectly to ventilating comfort, 
such as drafts, stratification and 
other details. However, they 
should not specify a particular 
method of ventilation although 


sas. 


they should recommend systems ssi 


eons 


which are commonly best suited 

for each of a number of cases. 
Among many other factors to Fig, 18 

be covered by standards are the 

ambient temperatures which are to be the basis for all calculations. 


_ This applies also to the definition as to what constitutes sufficient il 


lumination for the performance of certain jobs, establishment of de- 
sirable temperatures for all purposes and conditions of flight, and 
methods of calculation. 

Of the greatest importance is an agreement concerning the allotment 
of weight. While difficult, it is not impossible to establish reasonable 
percentages of the gross weight of an airplane for allocation to certain 
comfort devices as there has been enough practical experience with 
such devices to arrive at rather conclusive figures and percentages. 
Standards for weight allocations or methods of how to establish them 
will eliminate unreasonable weight specifications in the future. 

Similarly, there must be a foundation on which allocations of space, 
electric current, etc., can be calculated. Last but not least, standards 
must incorporate sufficient data on approved accessory equipment such 
as valves, relays, fabrics and materials, so as to assure their proper 
selection. 
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6.0 How to Apply STANDARDS 

Standards as described are already in preparation and partially avail- 
able at this writing. In addition, there are certain practices which have 
become unofficially standard over a period of time and can be used 
pending the completion of an official set of standards. Many of the 
data and figures given in the following chapters are based on such 
standard practices and should assist in giving a fair picture of ex- 
pected performance. 

With the aid of temporary or permanent standards, the process of 
writing cornfort specifications becomes a rather simple one. It should 
consist .of the following: 

a. The procuring agency forwards its general requirements for the 
airplane which it desires to procure. It omits all references to comfort 
equipment save those which pertain to special conditions. 

b. The manufacturer analyzes the comfort requirements in accord- 
ance with the comfortization type and characteristics of the airplane. 
This establishes the list and scope of comfort features which must or 


should be incorporated. 
c, Next, the comfortization group consults the standards pertaining 


to these features. With this information it is now possible to write the 
specifications which, incidentally, should also be standardized. 

d. The specifications are then transmitted to prospective suppliers 
unless the equipment which they cover is fabricated by the airplane 
manufacturer himself. As the supplier or sub-contractor is familiar with 
the standards applying to his product, he is prepared to meet the 
specifications of the aircraft manufacturer either from stock or a com- 
bination of stock items. 

cd od @ 

Although this procedure appears to be quite automatic, it does not 
exclude the need for men who are trained to translate requirements 
into specifications and to interpret specifications in accordance with 
engineering practice. This is particularly essential in the planning of 
comfort equipment which should be the sole responsibility of the 
comfortization engineer. 


REFERENCE 
‘yD. Redding, “Aircraft Standards for Victory,” SAE Journal, Vol. 51, 
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VI 
THE COMFORTIZATION ENGINEER 


it has been a frequent practice among aircraft manufacturers to 
assign the task of comfortization to unqualified men, The reason was 
that, up toa short time ago, comfort equipment was not considered 
as important as other accessories of the airplane. Therefore, its selec- 
tion and design was left to young men of little experience. Notwith- 
standing the relative importance of comfortization, it is obvious that the 
heating and ventilating system of an airplane is better left to an air- 
conditioning specialist who knows only little about airplanes than with 
an engineer from the landing-gear group who knows nothing about air 
conditioning, : 


1.0 QUALIFICATIONS OF THE COMFORTIZATION ENGINEER 


Comfortization must be taken care of by the best men available for 
this purpose. These men should meet the following qualifications: 


1.1 TrRamninc: Comfortization engineers must have exhanstive experi- 
ence in the field which they are to adapt to aeronautics. Thus the 
soundproofing of an airplane should be handled by an engineer who 
has a good background in the soundproofing of ground structures and 
vehicles. Furthermore, they should be familiar with the conditions 
existing in and on an airplane. If they have not had any previous 
aeronautical experience, they should be trained or train themselves in 
the same manner as designers, draftsmen, inspectors and other spe- 
cialists are trained for work in aircraft factories. This knowledge or 
training should consist of fundamental aeronautics, structural require- 
ments of the airplane and other factors pertaining to flight at high 
altitudes, at low air densities and temperatures. This lnowledge et 
essential as its lack would result in the interference of the enter 
equipment with the flying qualities and purpose of the airplane. 


1.2 prrsonatiry: The comfortization engineer depends more than most 
other design engineers on suppliers and subcontract Therefore, he 
must be qualified to negotiate with outsiders and show good judgment 
in selecting the best of suitable equipment. This requires excellent per- 
sonal qualifications in addition to professional background. 
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1.8 FLYING EXPERIENCE: It is very desirable that the comfortization 
engineer has some solo flying time to his credit. Misdesign of comfort 
features and unsuitability in practice are often caused by the complete 
lack of understanding on the 
part of the designer as to what 
constitutes comfort for pilots 
and flight crews (Fig. 19). 

In lieu of solo flying it is, at 
least, essential that the men who 
design the comfort equipment 
for airplanes have participated 
in a number of test flights in or- 
der to see for themselves how 
their equipment performs. For 
this reason, every member of the 
comfortization group — should 
have a minimum of “observation 
hours” in the air before he is 
given any responsible assign- 
ments. Most aircraft manufac- 
turers give their engineers frequent opportunities to take part in test 
flights. In addition, both the Army and Navy have always been 
extremely co-operative in arranging such flights for manufacturers’ 
representatives, 


2.0 ORGANIZATION OF THE COMFORTIZATION GROUP 


The various features of comfortization have much in common and 
often overlap to such an extent that they cannot be easily separated. 

The ventilating engineer must work very closely with the heating 
engineer inasmuch as heating and ventilating are often combined. The 
heating engineer, in turn, must co-operate with the soundproofing 
specialist since the soundproofing installation has to serve the purpose 
of heat insulation as well. On commercial aircraft the soundproofing 
engineer works hand in hand with the stylist who must select his 
fabrics in accordance with its sound- and heatproofing qualities. The 
stylist again cannot separate his duties from those of the designer of 
the seats and berths. The latter requires the advice of the illumination 
engineer who also assists the designer of the galleys and lavatories. 
This man depends upon the plumbing engineer for the supply of the 
water. Finally, the plumbing engineer must consult with the heating 
engineer concerning heat for water and galleys. 

Thus, the comfortization group deals with a number of interlocking 
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jobs. This group should be organized the same as all other groups 
headed by a chief comfortization engineer who is sufficiently Shia 
with all phases of comfort to properly co-ordinate the individual tasks. 
MWe should answer only to the Chief Engineer or Chief Project Engi- 
neer and, whenever possible, have the final decision as to the selection, 
disposition and design of the comfort equipment. 


3.0 RELATIONSHIP with OTHER Grours 


If comfortization is accepted as a full-fledged design group in the 

engineering departments of aircraft factories, it should ise treated on 
an equal basis and take part in the design of the airplane from the 
moment it goes on the board. Only in this manner is it possible to 
select comfort equipment which always meets the requirements of the 
airplane and will in no way interfere with its other accessories. 

Comfortization engineers all too often are called in when the plane 
is all but completed and, often, already in the mock-up stage. As a re- 
sult, ventilation ducts have to be installed in undesirable incatans: air 
scoops increase the drag, lines carrying hot water are close to structu res 
which should not be exposed to heat, seats are cramped, ete. 

All this can be prevented, if the comfortization group can work in 
close team-work with the other design groups, and if its requirements 
and suggestions are considered whenever compatible with the airplane 
itself. Finally, the comfortization group should consult frequently with 
representatives of the procuring agency, the manufacturers of the 
comfort equipment, pilots, flight crews, service men and other inter- 
ested parties. 

Once all of these conditions are met, the individual comfort features 
and their scope can be easily established, the specifications written and 
the equipment selected. Still, the task of the comfortization engineer is 
not yet completed. . 

The engineer specializing in aircraft comfortization should not be 
satisfied with what he has created. Quickly-gained experience in 
specifying, selecting and designing comfort equipment can easily de- 
velop into routine. However, this routine should not be more than the 
basis for future development. Ambitious dissatisfaction with the re- 
sults obtained and the desire for greater comfort at less weight should 
constantly stimulate the comfortization engineer to improve his equip- 
ment and, with it, the airplanes which his company and his country are 
building. : pe 
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REQUIREMENTS OF AIR SUPPLY 


1.0 INTRODUCTION 
The analvsis of the comfort accessory group, as made in se ae Il, 
established two separate lists—one for military and the other for com- 
mercial airplanes. | 
a the con requirement on both lists is ventilation. i ie nee 
that this feature is termed merely “air supply” in the military : Ww al 
in the commercial group, it is designated by the bresdcy oe 
conditioning.” This differentiation has been made for ae ore ‘ 
“Air supply” is essential for physical ent a nae i Sia te 
quantity. It is defined as “the process of supp ne ot hee ie Fae 
natural or mechanical means to or from any space. ir conditic a 
is a desirable comfort, referring to both quantity and ees : 
AS.ELV.E. Code of Minimum Requirements of cole : 2 . 
tioning defines it as “the process by which simul taneously the oF 
ture, moisture content, movement and quality of ne ee . ik ee . 
spaces intended for human occupancy may be maintained w 
ired limits.” on 7 
Ty apelviod these definitions to aircraft, ait cans . mee 
military planes is almost exclusively reserved for Gemmicrs a : : st ae 
where considerations of weight and cost are not as impor ant ae 7 
comfort of paying customers. Private planes and other inte ae 
craft of small size neither permit nor require elaborate com Sa 
Air supply on such planes constitutes no piebien os on eae 
long as proper care is taken to prevent exhaust oe anc Be : oe 
leaking into the cockpit, and to avoid harmful dra ts as a ne Hs 
ble. Otherwise, the natural infiltration and circulation of air during 
‘cht is usually more than sufficient. 
Pe is ae problem of decreased air density ate le . 
serious factor since most small, non-military ee ee kes 
low ceilings. Where high altitudes ae Senucnnnnied pan 
rion table oxygen equipment is entirely satistactory: "0" 
Soe eee of ne accessories for om pei 
to deal mostly with large, luxurious airliners ie the a . vl Py 
should meet all of the requirements as listed in the definition o 
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fort Air Conditioning,” including that of heating. Tn addition, the equip- 
ment for ventilating and heating on such planes is so interlocked 
that efficient design necessitates their treatment as one single comfort 
feature. 

To a certain extent, this is also true for those military airplanes 
which require evenly distributed, properly heated and well planned 
air supply as, for example, transports and ambulances or planes carry- 
ing photographic laboratories, perishable goods, etc. Most other mili- 
tary planes, however, have requirements for air supply and heating 
which are so difficult to combine that the comfortization engineer must 
treat them as entirely different items. Wherever a combination should 
prove to be possible and feasible, it can be easier effected after all 
requirements have been established independently so that no premature 
compromises might lead to inefficient design. 

Since it is safe to assume that much of the post-war, commercial air 
traffic will be at high altitudes, air supply on aircraft in general pre- 
sents so many problems that a separate analysis is advisable in prac- 
tically all cases. 

2.0 FuNDAMENTAL Regumrements or At SUPPLY 


Before discussing the means and methods best suited for supplying 
air on planes, it is essential to understand clearly the fundamental re- 
quirements of proper air supply. Offhand, the answer seems simple: 
there must be enough air to furnish sufficient oxygen for breathing to 
all occupants of the plane. On many military planes, natural circulation, 
infiltration through numerous openings and, at the most, hand-operated 
ventilation flaps are relied upon to provide the necessary air quantities, 

In reality, this problem is much more complex. The comfortization 
engineer has to consider: 

1, The supplied air must furnish sufficient oxygen for breathing up 
to the absolute ceiling of the airplane and must be reasonably clean 
and free of dust, bacteria, ete. 

2. It must provide constant circulation, not too rapid to cause harm- 
ful drafts yet capable of removing smoke and objectionable odors which 
increase the tendency to airsickness. 

3. It must keep the percentage of carbon dioxide in the air down to 
a desirable level. 

4, It must have sufficient but not too much cooling power to insure 
the “comfortable maintenance of normal body temperature without 
undue restraint or demand upon bodily activities.” 

5. It must provide for proper distribution of both humidity and heat. 

6. If air and heat supply are combined, with air being the heat 
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transfer medium, air must be introduced in sufficient quantities to 
prevent high inlet temperatures. 

7. Athigh altitudes, it must'aid in maintaining a safe pressure around 
the body. 

The quantities, movements and pressures of the supplied air should 
meet all of the above conditions as the first, basic requirement of 
aireraft. comfortization. While this is usually well taken care of on 
commercial airliners, “Comfort Air Conditioning” on military planes is 
mostly neither essential nor possible unless Jarge losses in weight and 
taken into account. However, there are always certain mini- 


: 


space are 
raum requirements which must be met. 


38.0 CALCULATION OF Am QuantTiry 

"There are several methods of arriving at the necessary air quantities. 
The first is to establish the lowest amount of fresh air which effectively 
provides the chemical needs of respiration. The most common figure 
used in ground ventilation is 30 efm of air per person. Mechanical 
ventilation on some commercial airliners is based on somewhat higher 
figures while considerably smaller amounts have been proposed and 
used on military planes. In planning on this basis, it must be remem- 
bered that the weight of a given volume of air decreases with altitude 
while the data for the oxygen needs of the human body are based on the 
quantity of oxygen, by weight, in each cubic foot of air of sea-level 
density. Consequently, if the air requirements of the average person 
are accepted as 1800 cu ft/br, at an average air density of 0.075 Ib/cu ft, 
ly a greater volume at higher altitudes where the 
fore, the advisable 


it is necessary to supp 
air density and oxygen content are smaller. There 
air requirements are 185 Ib/hr/person. 

Another way to calculate air quantities is by the air changes per 
hour necessary to remove smoke, body and other odors, etc. The most 
rapid air change used on commercial transports is one complete change 
in the cabin every minute. This, of course, provides much greater 
comfort and better distribution of temperatures. W. W. Davies re- 
at such a rate, the temperatures in the cabin would not vary 
air change every two 
lus or minus ten 


ports that, 
more than plus or minus 38°F while, with one 
minutes, the temperatares might vary as much as p 
degrees.’ On the other hand, rapid air changes require large ducting, 
scoops OF blowers and heat quantities, and might result in drafts 
which are usually felt when a velocity of more than 2 ft/sec occurs. 
Therefore, about 30 air changes per hour appear to be a good com- 
promise for commercial transports, while from 12 to 20 changes per 
hour should be ample for military planes. 
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A third way : ini : 
way of determining mini yuantities i 
Pectoral ete ne ing minimum quantities is to figure the 
ut ee , ee = ‘eep the carbon dioxide in the cabin down to 
ed standard of 8 to 10 parts in 10,000. T : 
10 parts in 10,000. The normal cc 
Pinal aed nar see I in 10,000. 1 re normal content 
ae A ms o _ is 3 parts in 10,000. The average person 
e 8 cu ft of carbon dioxide per ; oe 
; de per hour, when at rest, anc 
acs ae I ir, when at rest, and up 
be yen at work (at a temperz ; rake 
smperature of 68°F), If th i 
content of the cabin < i Pecos ie 
in and the maximum r 
gee 3 im rmumber of persons pres i 
oe me persons present in 
ina ‘ ate one time are known, it is easy to led the mini 
app > feneh a}y reciiire. : . Coe : - 
ae py : : esh air required to keep the concentration of carbon 
pees rd he safe limit. This must also take into account the 
: : : ; . : i td § _ 
pial cakes off by smoking and the reduction of the effective 
a ee y its occupants, equipment, etc . 
re choice he best me 1 £ 
Rte Oy the best method for calculating safe ininimum air 
a is by no means arbitrary. Si t ) iidor 
‘ ary. Since all of the above conditi 
Fea et pally aria all » above conditions 
ek eee it : aor to obtain the individual amounts for cach 
: em and select the largest ¢ ich, i 
| . largest one which, in most cases, is the 
amount required for th sienh ae anaes 
ire r the desirable aber of air changes i 
é number of air changes in the cabin, 
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be checked for an additi 
pe ie an pean requirement. Because the air has to trans 
x a specified amount of heat to tk i win atte oie 
o the cabin and, possibly, s 
purposes, enough must be suppli tbin and, possibly, serve other 
air with heat, that i ist be supplied to prevent over-burdening of the 
that eee i ‘ces is, too high air temperatures. Apart from the fact 
€ 2asone i Bark Aran Abie , : ae Aa BA 
Perea fee cs 2 high air temperatures cause discomfort to persons 
hs C niets reyheatea “1, 2, nia 
made fron an a here an blown aeamst oars Sud equ pment 
such materials as plastics Ean pede Alen : 
Sere LAR EHAO, I cs or heat-treated aluminum is a 
Finally, there i 
1ere ig one very important c) . 
not ais i nn on ne important check which, unfortunately, is 
Q > with sufficient thore a weds PNA Be Rane 
ie aoe nn ce horoughness: The concentration of 
RELA 5 in the cabin or cockpit. The large amounts of carbon 
5 n the engine exhaust often res eo a ; 
the ventilating ai ae exhaust often result in some infiltration into 
rly 8 air. Even small amounts cause headaches and ineffi 
mey, Greater concentrati i. PAS RRA CELA a ek. 
ace rent eS concentrations bring about collapse and death in a 
a cae It is - the utmost importance to measure the 
arbon monoxide in the ventils a : ee ene , 
: oxide in th ntilating air during the fi 
= 1 ARLhy © A Ve 1 Zs go ey 
flights and make sure that it does not exceec 5 g the first test 
one part in 20,000 or 0 fe u oes not exceed the accepted maximum of 
aU, or 0.008 of 1%. Anv increase over this f ; 
hedueal %. Any increase over this gure might 
While close analysis of 2 4 
Pies ose eae of all of these problems gives very conclusive 
é commercial planes, it has c ae penne. Me) husive 
GILES, 1as “a art ye a Dae F 
eecoe aie eae i oe ; only limited value for the establish- 
eRe ' quirements on military craft. A well-sealed or eve 
rcharged cabin permits ass 2 al-seaied Or even 
oe sae a cabin permits assumptions which do not hold trae if 
or gun blisters, openings for guns and other equipment 
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allow uncontrollable infiltration of air quantities which are larger than 
the required minima. 

A further difficulty is added by the fact that a bomber, for instance, 
may have a normal crew of eight persons while an airliner of compara- 
tive size may have room for three or more times that many passengers 
and crew members. Yet, it would be unwise to establish the air re- 
quirements for only eight persons, because many additional passengers 
may have to be carried in emergencies arising from military operations. 

Since it is all but impossible to predict the actual air circulation 
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Fig, 20 


hes 


through most military planes of the cabin and compartment types, it 
must be determined during test flights whether the natural air circu- 
lation meets the calculated requirements, if no means for mechanical 
ventilation are provided. 


4.0 Propuems or Hicn-ALTITUDE FLIGHT 

The calculations of air supply for airliners are usually based upon 
requirements on the ground. This is feasible only for such passenger 
planes which fly at reasonably low altitudes. However, the tremen- 
dous altitude ranges of most military aircraft and the tendency toward 
commercial high altitude traflic necessitate serious consideration of 
the various effects of high altitude on the human body, particularly 
those caused by low air densities. 
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Figure 20 shows the decrease of air density with altitude. The full 
curve represents average summer densities at about 40°N latitude in 
the United States; the dotted curve shows the comparable densities in 
winter.* The densities decrease rapidly, at first, and slower ites on 
because the lower air strata are under greater pressure from the sir 
resting on top of them than are the higher layers. The warmer Ae in 
summer is less dense than the winter air, This difference becomes 
smaller with increasing altitude and, at about 25,000 feet, the air 
densities m summer and winter are alike. Curiously enough, at still 
higher altitudes, the winter densities are somewhat lower tari those 
in summer. 

From about 10,000 feet on up the normal person begins to feel the 
decrease in air density as anoxemia or oxygen want. However, different 
persons are affected differently, Millions of people live in mountainous 
territory considerably over 10,000 feet high, without being shysionlly 
or mentally inferior to their brothers in the lowlands. Of . te 


are acclimated to living at these altitudes; most other persons will 
not suffer any discomfort with change in altitude and air density if it 
is ae and within certain limits. ahs 
This is not the case in high-altitude flying where both the rate of 
change as well as the altitudes reached - ay eet ee ar 
endurance of the human body. After initial experiences ee aeraa 
flights—with fatal outcome in a number of cases—-ground tests were 
conducted in decompression chambers (Fig. 21) to study the slenome 
ena occurring at high altitudes and create. equipment to make flights 
at these altitudes possible and even comfortable. This equipment was 
then taken “upstairs” by experienced test pilots upon whose ublenas 
tions all further developments were based (Fig. 22). ae 
g 


According to collected data oxygen must be supplied for all flights 
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exceeding 15,000 feet for any length of time. Although many persons 
do not experience serious discomfort up to and, sometimes above 
altitudes of 20,000 fect, efficiency and power of thinking become in- 
creasingly impaired. Numerous fliers complain about hearing losses 
and, often, disturbing after-effects, particularly if the descent has been 
rapid, Above 30,000 feet practically pure oxygen must be supplied or 
unconsciousness and death may occur within 60 seconds. Often, pains 
in the joints, similar to the bends of deep-sea divers, are experienced if 
flying at and over this altitude. Apparently, this is caused not so much 
by anoxemia as by the liberation of nitrogen from the blood. 
Another consequence of the large decrease in air density is the effect 
eased air pressure on the body. The air column over each square 


of dee 
inch of the skin, at sea level and under standard atmospheric con- 
ditions, weighs 14.7 Ib. Thus, a total weight of thousands of pounds 
rests on the human body which would be sufficient to crush it save 
for an identical pressure exerted from within the body which cancels 
the pressure from the outside, If the outside pressure decreases, a 
situation arises which, fundamentally, is analogous to that when a 
person attenypts to dive to the bottom of the ocean. The increasing 
pressure of the water column on top of him will finally be so much 
greater than the pressure exerted from within the body that the diver 
would be crushed to death. By the same token, certain deep sea animals 
which are adapted to living at great depths will actually explode, if 
brought to the surface. 

While the human body can, to some extent, adapt itself to slowly 
changing atmospheric pressures, grave discomforts and even painful 
injuries will result beyond certain limits. Many persons feel the un- 
balance of pressures even at comparatively low altitudes, such as on 
top of mountains, when they notice this unbalance by a disagreeable 


oe 


sensation in their ears. 

This problem is very much aggravated by the great and sudden 
changes to which military fliers are exposed. With increasing altitude, 
blood may begin to spurt from mouth, nose, ears and eyes and, even if 
the breathing requirements are met by oxygen equipment, death might 
result ultimately from the bursting of overburdened blood vessels and 


other causes. 


5.0 Crore or Crerinc 


It is not up to the comfortization engineer to specify the ceiling of 
the plane which he has been called upon to comfortize. Although he 
has the right and even the duty to point out the complications which 
every added 1000 feet of ceiling bring about, the establishment of 
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ceilings is mainly based on considerations other than those of comfort. 
However, a study of reports available from all of the warring nations 
makes it appear likely that a maximum ceiling of about 40,000 feet is 
just about the limit for nonpressurized, military airplanes fieedl during 
this war. Although planes with still higher ceilings might be contem- 
plated on either side, the comfortization engineer should be safe 
enough in accepting 40,000 feet as the upper limit for his calculations. 
Commercial air traffic at high altitudes is by no means a post-war 
dream. Since the middle of 1940 T.W.A, operated the supercharged 
Stratoliners in scheduled coast-to-coast flights, rolling up the impres- 
sive total of 28 million miles in their first year of operation. The four 
1100-horse-power supercharged engines give the Stratoliners a cruising 
speed of almost 225 miles an hour at three to four miles above the 
earth. The 33-passenger craft have attained speeds as high as 389 miles 
an hour when assisted by the strong winds often found in the upper 
regions of the atmosphere. coal 
There are two basic reasons for passenger flights at great altitudes: 
smoother flight and greater speeds, After the war, with the expected 
expansion of private air travel, added safety from collisions will be 
found at altitudes too great for small, private craft, Although it is still 
too early to establish the optimum ceiling for hich altitude jassenger 
transports after the war, it appears that abot 30 000 feet i. ‘ a 
i st is a close 
approximation. Incidentally, present passenger planes equipped for 
high altitude operate at such heights, for the duration, where no super- 
charging is required although oxygen equipment is provided for 
passengers and crew in cases of emergency. 


6.0 Propitems or Woumuprry ContTROL 


Another problem in connection with air supply is that of the humid. 
ity in the cabin. Ordinarily, the human body should not be exposed 
to relative humidities lower than 30% and hi gher than 60%. Commereial 
airlines have not considered humidity control a serious problem be- 
cause the ranges encountered at the normal altitudes were comfortab! 3, 

Ww. . Wz Davies reports, in the previously cited paper, the results of 
an investigation conducted by the United Air Lines Research Staff 
which evidenced that, on the average, relative humidity between 
5,000 and 15,000 feet varies from 40% to 64%, He also states that the 
humidity in the cabin is generally from 5% to 6% lower than that on the 
outside and that, under normal conditions, relative humidity in the 
cabin is well within the accepted limits. . : 

Davies then explains that, in order to increase the humidity 10%, it 
would be necessary to carry 35 Ib of water, also diffusing equipment, 
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for a four-hour trip, assuming standard air conditions at 10,000 feet. 
This, Davies concludes, would make such an installation impractical. 
If this is true for commercial planes, it is even truer for military air- 
craft and must, therefore, eliminate the control of humidity for the 
time being. Even if systems utilizing the water in the engine exhaust 
for humidification should prove to be practical, humidity control as 
a pure comfort factor on military aircraft should be considered a 


luxury, aay a — 
On the other hand, at altitudes above 20,000 feet humidity decreases 
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Fig, 28 

very rapidly. The curve in Vig. 23 shows th > average percentage e 
water in the atmosphere at various altitudes for a sea-level temperature 
of 11°C." At about 35,000 feet this percentage becomes practically zero 
and then increases gradually up to about 115 miles above sea level at 
which point it decreases again. . . ee 

Evidently, at the altitudes at which the modern military airplane 
must fly, the moisture content of the air is so low compared to that 
on the ground that it cannot be disregarded. A plane, proeg to 
medium altitudes from great heights is exposed to fogging of Wes 
shields, portholes, gun sights, camera lenses, a ae 
the flight crew helpless against enemy attack, This sudden and dan- 
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gerous condensation cannot be avoided easily by scientific humidity 
control. However, proper heating of the surfaces which are apt to fog 
up can minimize, if not prevent, this effect, This will be discussed 
later. - 

The low percentage and great changes of relative humidity to 
which the high-flying airplane is exposed have also considerable effect 
on certain materials and must be considered in their selection and use. 
Other evidence of how the air supply affects humidity control is shown 
in a paper by Tomlinson who reports that the wei ght of the insulation 
on T.W.A.’s supercharged Stratoliners increased about 35% in 18 
months, due to absorption of moisture. This incidentally, amounted to 
some 160 Ib per plane. In planes not supercharged, there was an 
average increase of only 28% over a period of five years,* 

It should be remembered that the presence of human beings in an 
enclosed space increases its moisture content considerably. Mark’s 
Handbook states that, according to Pettenkofer, the average hourly 
production of vapor per person is 0.09 Ib for adults at rest, and 0.18 Ib 
for adults. at work. Children will produce about half these amounts. 
The production varies with the air conditions, clothing, ete. 

In addition to these effects, the low humidity existing at great 
altitudes causes dryness and chapping of the skin, burning of the eyes 
and other discomforts. Unfortunately there is, as yet, no useable 
method known which will permit humidity control on either military 
or commercial planes. It remains, therefore, a desirable comfort feature 
for the airliners of the future in which air conditioning should meet 
every one of the requirements of complete “Comfort Air Conditioni ng” 
on. the ground. 

REFERENCES 

* Heating, Ventilating, Air Conditioning Guide, New York, Vol. 21, pg. 41. 

*Mark’s Mechanical Engineers Handbook, Third Edition, pg, 1622, 

“W. W. Davies, “Heating and Ventilating Up in the Air,” Heating, Piping 
and Airconditioning, Jan., 1941. 

* Adapted from W. R. Gregg, “Standard Atmosphere,” NACA Report 147, 

* Adapted from International Critical Tables, 1926, Vol. 1. 

“D. W. Tomlinson, “Nearing the Stratosphere,” Journal of the Aeronauti- 
cal Sciences, Feb., 1938, 


Vill 
METHODS OF AIR SUPPLY 


1.0 Inrropucrion 


Both the requirements and methods of air supply are quite closely 
related for planes of the same comfortization category. There are, 
however, several factors which are important in the selection of details. 
Among these are the service ceiling of the plane, the question of mili- 
tary or non-military use, the requirement of ventilation on the ground, 
and the possible combination of heat and air supply. Other distinctions 
and conditions may modify the selected equipment but rarely have 
muuch influence on the choice of system. 

For these reasons there can be no standard method of air supply 
which could be adapted to aircraft as a whole or even the individual 
comfortization types. Nor can there be detailed standards pertaining 
to the installation of this equipment: One plane of the compartment 
type might be suitable for overhead ducting while another plane of 
similar size and design does not permit any ducting at all and must be 
ventilated and heated entirely differently. 


3.0 Means ror Am SUPPLY 

Just as in air conditioning of ground structures, there are certain 
devices which have been developed specifically for a’ similar purpose 
on aircraft and which, although strictly speaking cannot be classed 
as standard equipment, are generally accepted as such. The first 
question is whether to use natural or forced ventilation, or a combi- 
nation of both. The latter, incidentally, is the most common. 

Natural ventilation can be effected by (a) Infiltration, (b) Ventila- 
tion Flaps, (c) Ventilation Scoops. Forced ventilation is obtained 
through (d) Blowers or Fans, (e) Oxygen Equipment, (f) Supercharging. 

The following analysis will briefly describe the various means listed 
above. 


9.1 NATURAL INFILTRATION. Most small, private as well as military 
planes of the cockpit and cabin types are so designed that the natural 
circulation of air through the cockpit or cabin provides ample air sup- 
ply. The air can easily enter through the hood of the cockpit type plane, 
or cracks and other openings of the larger craft. By the same token, 
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used air is drawn out of the plane through openings located in a nega- 
tive pressure area of the fuselage. These processes are termed “Infiltra- 
tion” and “Exfiltration,” respectively, and constitute a very simple form 
of natural circulation. 

Although this method does not require added equipment and, often, 
supplies at least the essential air needs, it has numerous disadvantages. 
First of all, it does not permit any contro] over the air flow and may 
result in either too little or too much air supply. While the former is 
entirely unacceptable, the latter is highly objectionable inasmuch as 
it causes drafts and complicates the heating installations. If no heaters 
are provided, cabin temperatures may often be too low for comfort. 

Another disadvantage of natural ventilation is the difficulty of an- 
ticipating even approximate values for air circulation under various 
conditions of flight. While tests might show the circulation to be ade- 
quate for the normal crew complement, it may be utterly insufficient, 
if and when emergency passengers have to be carried. Accumulation of 
odors, carbon monoxide and dioxide, moisture etc. is a further short- 
coming. Ground ventilation can be obtained only by opening hatches 
and doors which may not be desirable at low temperatures. Heating 
must rely entirely on spot heaters, although central systems are much 
more efficient on larger planes. 

Yet, this type of ventilation is quite common because it is the sim- 
plest method known and entails no accessories nor considerations for 
their installation, operation and servicing. 


2.2. VENTILATION FLAPS. Usually supplementing natural ventilation, 
adjustable flaps in the ceiling of the cabin serve the purpose of pro- 


' viding additional air, when needed, and, more often, cooling in hot 


weather, The flaps are hinged and operated manually. If not in use, 
they are flush with the skin of the plane. At about 45° they deflect a 
maximum of air into the cabin. In order to make them as small and 
efficient as possible, they should be installed in a highly positive pres- 
sure area of the fuselage. Another consideration in selecting their 
location is the need of avoiding drafts for persons who are regularly 


stationed near them. 


The advantage of ventilation flaps is their simplicity of design and 
operation. They can provide considerable amounts of fresh air and, by 
thus increasing the pressure within the cockpit or cabin, force a higher 
rate of circulation, Their disadvantages, however, cannot be over- 
looked. The full-open flap increases the drag of the plane which is 
particularly objectionable at greater speeds. Furthermore, the flap does 
not keep out dust and rain or other objects encountered in flight. In 
addition, it permits little or no control over the air flow and may cause 
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unavoidable drafts, even to the point of blowing charts, papers and the 
like through the cabin. 
* sg ‘bi * . 
As the simplest means of additional air supply and cooling, the ven- 
tilation flap can be employed to advantage in combination with natural 
ventilation? 


9,3 scoops. Ventilation scoops may be used in two different ways; like 
flaps as individual scoops in the ceiling and, occasionally, in the walls 
of the fuselage; or as central air supply in connection with a ducting 
system. 

Individual scoops are, essentially, little different from flaps and have 
similar advantages and disadvantages. Their main advantage over the 
flap is the fact that, while not adjustable, they cause less drag because 
gure 24 presents such a scoop. The air is 
rammed into it so as to set up a slight 
pressure within the scoop body which acts 
as a small plenum chamber, reducing pul- 
sations. The bottom of the scoop may be 
slightly tapered tov rard the back which 
assists in “shoveling up” the boundary 
layers of air near the skin and increases 
the efficiency of the scoop. Dampers or 
valves must be added to permit regulation 
of the airflow. Furthermore, filter screens 
and rain eliminators may be provided, if necessary. 

When the scoop faces away from the direction of flight, it acts as a 
spill. It is always desirable to use both scoops and spills together so that 
proper circulation is assured and not dependent on exfiltration alone. 
By the same token, it is usually advisable to have fewer spills than 
scoops in order to provide a slight excess pressure in the cabin. Installa- 
tions of this kind are not uncommon, even in large transports where ten 
and more scoop-spill combinations are used.’ 

The size and number of scoops depends entirely on the air require- 
ments, the cruising speed of the airplane and the back pressures in the 
system. If these factors are known, conventional calculations will yield 
the desired data. Short ducts or risers may connect the scoop or spill 
with the interior of the cabin. 

In contrast to the ceiling or individual scoop, the central scoop is 
always the first component of a ducting system. In most cases, it is 
located in the leading edge of a wing or another area of very high 
positive pressure. It is an integral part of the skin and, essentially, 
nothing but a hole in it with softly rounded and, sometimes, flared 
edges. A tapering tube or transition piece serves for attachment of the 
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they are properly faired, Fi 


duct. The shape of the scoop hole is adapted to the contour of the 
adjacent fuselage. Scoops in the wings are normally eli ptical, Calcula- 
tion of their areas will be discussed shortly. ; 

The use of central scoops has many advantages over the previously 
discussed means of air supply. If properly designed, such a scoop will 
add considerably less drag than, for instance, an equivalent nuraber of 
flaps or ceiling scoops. It facilitates the installation of filters and rain 
traps. Most of all, it permits complete control over the air How and its 
distribution. This is of great value, if both the air and heat supply are 
based on a central system. res 

The attached ducting system may be very short and merely serve 
to guide the scooped-in air into the cockpit or cabin. It may also be 
quite complex and have numerous branches, terminating in warm. or 
cold-air distributing means. As a whole, air supply systems using 
central scoops are very flexible and adaptable to almost any condition. 
Therefore, they should be considered seriously even where ena: 
ments of air supply are quite moderate. : 


oe FANS AND BLOWERS. The operation of flaps and scoops is entirely 
acer a ae pea : aaa se nave If senbenon or ax 
oply g om is essary on the ground, “natural venti- 
lation must be supplemented or replaced by “forced ventilation.” 
This requires the use of fans or blowers, and electric motors. 
Naturally, devices of this type are not very desirable on an airplane 
not only on account of the weight and space they take up but Nie 
because of the added service requirements and the large elethie ents 
rents which some of them consume. Yet, it is often negeesary: to 
sacrifice weight, space and current for other gains, particularly if these 
devices supplement other equipment. : — 
Small fans are often component parts of spot heaters, serving to 
force air through a heat exchanger. Fans are also used ie eonneeron 
with anti-frosting by blowing warm air against windshields and _port- 
holes. There are frequent cases in which air streams must be diecied 
against specific objects for either cooling or heating, | 
On the other hand, every motor represents * sounds of potential 
failure and one more item which requires servicing. The air aivearis 
produced by fans are not readily controlled and ei sginse drafts or 
other undesirable air movements. The revolving fan in its i nls 
well enclosed, is a potential hazard. In many sases, the individual fan 
can be replaced by some more suitable means. 
This is not true for the blower. Undoubtedly, there is nothing to 
take its place in ground ventilation and heating, let alone super- 
charging which will be discussed later. The question here merely 4 
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whether the same blower should be used in the air or whether air 
supply during flight up to moderate altitudes should be furnished by 
natural ventilation. Although this question cannot be decided sum- 
marily for all cases, it is spall y preferable to operate the blower only 
on the ground since its current consumption is quite high. There are, 
however, several exceptions where blowers must be used both on the 
ground and in the air. 

For instance, the back pressure in the air distribution system may be 
so great that scoops and ducts would have to be unreasonably large 
to cope with the existing ram pressure. In this case a blower may be 
the only solution. This applies also to certain heating systems which 
require rather high pressures to assure the necessary air flow. Internal 
combustion type heaters may need a small plawer. only for the com- 
bustion air while the ventilating air can be supplied by a scoop of 
moderate size. 

In planes travelling at very high speeds the scoop openings with 
their inherent drag are sometimes a greater disadvantage than the 
weight and current consumption of a blower, Often, operation at 
extremely low temperatures makes it desirable to resort to partial 
recirculation which again requires the use of a blower in the air but 
results in reduction of the heating plant. 

The decision as to whether a blower should be installed at all and 
whether to use it in the air or not, must be based on the following 
considerations: First, is ground heating mandatory and, if so, must 
it be furnished by a source which is a component accessory of the 
airplane? Second, is recirculation desirable? (The answer, if possible, 
should be: no.) If so, should it be taken care of by individual fans or 
a central blower? (Fans for this purpose are almost exclusively used 
in spot or unit heaters.) Third, can the required pressures be supplied 
by the ram during flight? (This must be answered by calculating the 
backpressures in the air-supply system and determining whether the 

alculated scoop and duct sizes are acceptable or not.) 

The designer should try to eliminate the use of blowers during 
flight Whenever feasible, with the exce ption of those for supercharging 
purposes. Although it might seem unreasonable to carry the weight of 
a blower er and not use it, it should be borne in mind that the current 
drain of a blower large enough to meet all air ne reds, is a serious prob- 
lem, In addition, it is “dangerous to rely on mechanical equipment alone 
for the vital supply of air since its br eakdown would be a tremendous 
handicap, particularly on the military plane. 

Ground ventilation should be provided for only if it is absolutely 
essential to keep a heating plant operative. Commercial transports 
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avoid the need for an integral blower by the use of ground air condi- 
tioning equipment as shown in Fig. 25. Such { facilitie sg are, of course, 
out Be the question for military aieete which, therefore, must be 
equipped with blowers as part of a ground-heating installation. 


2.5 OXYGEN EQUIPMENT. The atmosphere consists of about 79% nitro- 


* gen, 21% oxygen, 0.04% carbon dioxide and a small quantity of other 


gases. The oxygen is what the human body requires. As the density of 
the air decreases with increasing altitude, the percentage of oxygen 
still remains at 21% however, its 
density or weight per cubic foot 
of inhaled air decreases with the 
rest of the gases. 

At 12, 000, for instance, the 
weight of oxygen in each cubic 
foot is only 64% of what it is at 
sea level. From this point on the 
average human being gradually 
feels the deficiency of oxygen or anoxemia. In order to make it possible 
for a person to exist at this and greater altitudes, it is necessary to 
increase the percentage or partial pressure of oxygen in the air. 

The effects of anoxemia vary for different persons and conditions, 
so that it is difficult to éstablish a sharp borderline beyond which 
oxygen supply is necessary. Also, oxygen want is somewhat cumulative, 
that is, within certain limits a small de eficiency over a period of time 
has effects similar to a larger deficiency over a shorter period. The 
former is more dangerous because it is not felt as urgently as the latter, 
but will result in increased mental and physical fatigue which is of 
particular disadvantage to the military fier. 

For this reason, it is desirable to agree on def finite rules for the use 
of oxygen supply which are based on experience and should be en- 
forced under all circumstances. Accor ding to generally accepted prac- 
tice oxygen equipment should be used at nS times when flying above 
15,000 feat. even for brief periods; above 12,000 but ander | 5,000 feet 
if exposed for more than two hours; te above 10,000 but under 
12,000 feet for fights of six hours’ duration or more. 

The earliest oxygen apparatus consisted of bottle filled with 
liquid oxygen and a hose with a mouth piece which the user hel d 
between his teeth. This method did not allow for regulation of the 
pressure of the evaporating oxygen to any extent, nor was its low 
temperature conducive to comfort and health although, in some in- 
stallations, the gaseous oxygen could be preheated. 

Modern oxygen equipment consists, essentially, of a bottle con- 
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taining gaseous oxygen under pressure, pressure regulators and a face 
mask with connecting hose, as shown in Figs. 26 and aT. Regulation 
is simple and foolproof, and masks are desi gned to give their wearer 
the greatest possible comfort. Equipment of this type will permit 
physical existence up to extremely high altitudes. 

However, in spite of these improvements, the use of oxygen ap- 
paratus presents many problems. The first one concerns the choice of 
pressures under which it is to be bottled. There are, at present, two 
standard pressures in use. In the high-pressure system oxygen is bottled 
at 1800 psi and, in the so-called low-pressure system, at 400 psi. Both 
systems have distinct advantages and disadvantages.’ 


Fig. 26 


In the low-pressure system four and a half times as many bottles 
are required to store the same volume of oxygen as with the high- 
pressure system, On the other hand, the latter entails definite mee 
to plane and crew because the high-pressure oxygen containets ten 
to explode under the impact of 30- or 50-ealiber bullets. This danger 
ean be minimized by armoring the containers, but then the increased 
weight of the armored bottle offsets any weight advantages over the 
lighter, low-pressure bottle. | 

‘This leaves space as the only advantage of the high-pressure system. 
Even this advantage is dubious inasmuch as that much more oxygen 
would be lost, if one bottle were destroyed. 

Oxygen containers are now subjected as rigorous tests ante 
ceptance for military planes. In general, it appears that the high- 
pressure system is suitable for small, non-military planes while the 


low-pressure system is favored on military as well as large commercial 


aireraft. = fi 
Another choice which the designer has to make is between the 
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individual and the central oxygen supply. The individual supply is 
preferable on cockpit planes where no movement of the crew or 
passengers is required nor possible. Central supply is usually desirable 
on cabin and compartment types of planes. It consists of a central 
source of oxygen which is piped through the cabin. At various sta- 
tions, there are outlets into which the occupants of the plane can 
plug in. This relieves them of the burden of the heavy equipment 
and even allows them a certain amount of freedom of movement since 
the supply hose between outlet and mask can be of considerable 
length. On the other hand, in moving from one station to the other, 
the brief time required to get to the next outlet and plug in, or 
fumbling of the supply hose may have fatal consequences, Further- 
more, damage to the central source would shut off the oxygen supply 
to the entire crew. Finally, damage to the supplying pipes might per- 
mit oxygen to mix with oil vapors which would result in spontaneous 


_ combustion. 


In spite of these shortcomings, central oxygen supply is favored on 
large, military planes although it should always be augmented by a 
number of small, portable units held in readiness for emergencies. 
One variation of such equipment is the so-called “Bail-Out Bottle,” 
which is very light and compact, and intended for use by fliers bailing 
out at great altitudes, particularly from supercharged planes.’ 

Regular use of oxygen equipment on commercial planes is not 
recommended. The correct wearing of the mask and operation of the 
equipment by passengers is a constant source of worry for the crew. 
Nervous and young passengers often consider it a distinct discomfort. 
Before all, the psychological effect of oxygen equipment in itself 
lessens the feeling of security which the airlines attempt to impart to 
their customers. Therefore, oxygen apparatus should be used on com- 
mercial transports only in emergencies and be carried merely for this 
purpose. However, if its frequent use is necessary, it is advisable to 
choose a central, low-pressure system. 


2.6 SUPERCHARGING. The partial pressure of the oxygen in the atmos- 
phere at sea level is 159 mm of mercury out of a total pressure of 
750 mm, or 21%. At 35,000 ft, 73% of the breathed-in air must be 
oxygen to obtain the same partial pressure as at sea level. ‘This is the 
principle on which oxygen apparatus is based, However, above about 
45,000 ft even the supply of pure oxygen does not permit physical 
existence anymore. 

Consequently, man can exceed this altitude only by building an air- 
and pressure-tight enclosure around himself into which he pumps air 
under enough pressure to achieve sea-level conditions, no matter how 
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high he goes. This process has been termed supercharging or pres- 
surization, and is quite similar to the supercharging of airplane 
engines, 

There are, naturally, many schemes which have been suggested to 
cope with the high-altitude problem, such as “pressure suits” similar 
to those worn by deep-sea divers. None of these schemes have gone 
beyond the experimental stage, at best, while the supercharging of 
cabins has been developed to such a stage of safety that it has been 
adopted for commercial passenger flight. 

Although the design of the supercharging equipment itself is beyond 
the scope of this analysis numerous questions enter into the selection 
of supercharging which are worth discussing.* The first question per- 
tains to the need or usefulness of pressurization for military purposes. 

If a plane is expected to surpass the limit of 45,000 feet pressuriza- 
tion is essential, Even far below this limit supercharging is superior 
to oxygen supply in many ways. For instance, the low pressures exist- 
ing at high altitudes neither provide the necessary oxygen nor main- 
tain a safe pressure around the body. This problem is entirely solved by 
eabin supercharging. Another and most important factor is the rate of 
pressure changes. Although the body can acclimate itself to gradual 
changes of outside pressures, serious discomfort and injuries result, 
if these changes are as great and rapid as they are in military flying. 
Here again cabin supercharging solves the problem either by main- 
taining the same pressure at all times or providing for changes which 
lag so far behind the outside changes that they are not harmful. 

One of the principal advantages of supercharging is the fact that 
the occupants are entirely free of the burden of personal equipment, 
and have absolute freedom of motion within the cabin. It should also 
be mentioned that, during compression of the air to its desired density, 
it is so heated that little or no added heat is required to maintain the 


Offhand, supercharging thus appears to be the logical solution to 
the high-altitude problem, While this is very nearly the case for com- 
mercial aviation, the picture is less favorable where military airplanes 
are concerned. Supercharging requires a special fuselage design which 
is not always compatible with the military purposes of a plane. 
Although the weight of the pressurization equipment is usually not 
greater than that of comparable oxygen equipment, its current drain 
is high and servicing more complex. Guns must be normally fixed and, 
if flexible, operated by complicated remote control apparatus. 

Another point is that supercharging equipment on commercial 
airliners can be very thoroughly checked and serviced before each 
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flight. If, in spite of that, something should go wrong, the plane can 
drop to altitudes where no supercharging is required and, in the worst 
case, come down for an emergency landing, The military plane, how- 
ever, cannot always be minutely checked before each take-off and, if 
its supercharging equipment fails, dropping to safe altitudes oe 
emergency landings are rarely feasible or even possible. 

Worst of all, the supercharged bomber or fighter is quite vulnerable 
to gun fire from enemy planes flying at similar altitudes. Holes torn in 
the sealed cabin which, ordinarily, would be of little consequence 
might force the plane out of action. To a certain extent, this can be 
taken into account by a supercharger of enough excess capacity to 
cope with such contingencies, and by providin iy levices for the rapi 

" ing devices for the rapid 
plugging of reasonably small holes, as well as installation of emergency 
oxygen apparatus, ; 

Nevertheless, as long as the very physical existence of the crew 
depends on the operation of the complex supercharging scheme in its 
entirety, the large target of the cabin itself is a Serious military ne 
advantage. For these reasons, supercharging of military planes al- 
though very desirable in many other respects, is quite exceptional 

None of these considerations - ie 
present much difficulty in com- 
mercial planes. One of the latest 
examples of high-altitude trans- 
ports, thus equipped, is the huge 
Mars, a flying boat built by 
Glenn L. Martin Company (Fig. 
28). 

This plane is so large—its hull Fig, 28 
has the volume of a fifteen room 
house and it carries.a crew of thirteen—that it is impractical to pres- 
surize the entire cabin. Supercharging is, therefore, confined to the 
portion forward of the wings and comprises the flight deck and larger 
part of the main deck. A decompression chamber is provided which 
permits passage from the pressurized to the unpressurized area and 
vice versa without too rapid a change in air pressure. In’ addition, 
oxygen stations are distributed throughout the cabin for emergency. . 

As stated before, there is no supercharging on commercial planes 
for the duration. However, it is expected that a large part of com- 
mercial post-war traffic will be handled by supercharged planes. This 
applies also to such civil aircraft as must operate fegulariy- at altitudes 
above 15,000 feet, ° : 

It is, therefore, wise for the comfortization engineer to prepare 
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himself for this development. Although he is not directly responsible 
for the supercharging equipment in its details, he must bear in mind 
that this scheme requires a fuselage which must be strong enough to 
withstand the great difference in pressures at high altitude, and be 
absolutely airtight. The fuselage preferably should be cigar-shaped, 
with circular cross sections throughout. The streamline effect should be 
carried out from nose to tail to give the plane the required structural 
stability.® 

Tt is not necessary to maintain the pressure inside the cabin at sea- 
level conditions. Pressures equivalent to those existing at from 6,000 
to 10,000 feet are the usual choice of designers who thereby effect a 
considerable saving in the weight and space of the supercharging 
equipment. The choice between the lower and higher values depends 
on the various limitations imposed on the designer. However, 8,000 
feet is always a very acceptable compromise. 
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IX 
METHODS OF AIR DISTRIBUTION 


1.0 Inrropucrion 


Nara fle « “bet - Be pe . » . 
Oks is a certain analogy between a ventilating system and an 
APOgty TP, +2 Mw 7 M a ‘ : 
electric circuit. The latter consists, basically, of three components: 
the source of electromotive force, the resistance and the connecting 
wires. By the same token, a ventilating system consists of a source of 
air pressure—that is, scoops or blowers—the outlets and the connecting 
ducting. . 

Sear 
P Continuing the analogy, there must be sufficient air pressure to 
urnish the required air current to the outlets against the resistance 
within the entire system. There, however, the analogy stops. Unlike 
ee current, air is subject to compression and rarefi sation, Within 
the e ajy 1 ifferent lavere i : i ; 

same air space, different layers may be of different density and 
temperature, and may have different velocities. With increasing alti- 
tude, air densities decrease, and back pressures increase for the same 
mass flow of air. Obviously, these properties aggravate the task of 
ventilation and must be considered by proper design of the air dis- 
tributing system. i 


2.0 Desicn ConsipERATIONS 
In parti -, the ing factors requi i 
n particular, the following factors require the closest attention: 


2.1 DRAFTS are interpreted as local sensations of excessive coolness 
and even while very high air movement in relativel y warm air fampeaces 
the rate of heat loss from local parts of the body, it may improve the 
cae pa ee so long as that part of his body surface is not 

The A.S.H.V.E. Guide states that, “during the heating season, air 
velocities in excess of 20 to 30 fom usually give wadesirable effects. 
With summer cooling and air conditioning higher velocities up to 
40 or 50 fpm, if properly controlled, seem to give satisfactory onde 
tions free from sensations of draft, while with higher ambient tempera- 
tures even higher air velocities raay be used.” ; : 

In addition to these factors, the physical constitution of the indi- 
vidual plays an important role in determining whether a movement 
of air is felt as uncomfortable draft or desirable cooling. Some persons 
will complain about the slightest air movement and actually suffer ill 
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effects while others seldom or never experience discomfort when 
exposed to even strong drafts. Therefore, it is practically impossible 
to standardize air velocities which are acceptable for all persons and 
under all conditions. 

It would, of course, be preferable to keep these velocities so low 
that even the most sensitive passengers would have no cause for com- 
plaint. On the other hand, this would require ducts large enough to 
permit the movement of the necessary air quantities at very low 
speeds. Obviously, such a solution is not feasible on an airplane where 
space and weight are at a premium. For these reasons, the Aircraft 
Standardization Committee of the Society of Automotive Engineers 
recommends a maximum allowable air velocity in any one direction 
of 100 fpm which appears to be the best possible compromise, particu- 
larly, if distribution and location of air inlets are properly planned.’ 


2.9, srraTIrICAtION, that is, existence of sharply divided layers of air 
of different temperature, density or velocity is as harmful as drafts. 
This is not at all uncommon in aircraft ventilating systems and. is 
usually caused by insufficient and uncontrolled air movement which 
permits such layers to form and exist. As a result, the passengers’ feet 
may be excessively cold, their bodies just comfortable and their heads 
surrounded by air which is too warm. 

Closely related to stratification is the presence of hot or cold air 
pockets in various parts of the cabin. In all of these cases, it is neces- 
sary to examine whether there is sufficient air movement and whether 
the air inlets are correctly placed. In designing the air distribution 
system it is, therefore, advisable to draw lines representing the ex- 
pected flow of air in a picture of the cabin and ascertain whether this 
flow meets all requirements of good air distribution. 


2.3 noise. One of the most frequent deficiencies of airplane ventilating 
systems is the noise which they produce. As will be shown in a later 
chapter, it is essential to keep noise out of the cabin and also to 
minimize its generation within the cabin. The whistling and drumming 
caused by rapid air flow through the ducts is among the worst 
offenders in this respect. 

Naturally, the designer tries to keep the ducts as small as possible. 
This, in turn, requires high air speeds within the ducts and resulting 
inerease in air noise. Apart from the use of sound-dampening ma- 
terials in the ducts and appropriate design of elbows, dampers etc., 
it is essential to arrive at a compromise between optimum duct size 
and noise prevention. Practice has shown such a compromise to be 
quite satisfactory, if air velocities in the ducts are limited to 1200 to 
3000 fpm. 
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The lower limit is advisable for commercial transports on which 
the requirements for noise reduction are considerably stricter than on 
military aircraft. However, even this figure is too high unless the 
ducting system in its entirety is properly designed. 

Higher velocities are permissible on military planes in order to 
further reduce duct sizes. Although noise prevention is not as critical 
as on non-military planes, it would be unreasonable to spend any 
weight for a soundproofing installation and then impair its efficiency 
by a noisy ventilating system. Thus, air speeds in ducts must be kept 
to the lowest possible figure, and higher speeds should be selected 
only for normally unoccupied areas, such as in the wing ducts which 
carry air for anti-icing. Care must be taken, however, to prevent trans- 
mission of noise from these areas to those which are soundproofed. 


2.4 INSTALLATION is of the greatest importance. Badly planned ducts 
and inlets will not only increase noise, drafts and stratification but 
also interfere with the functions and movements of the crew, comfort 
of passengers, operation of other accessories etc. Warm air inlets 
particularly, must be very carefully located and should always face 
the largest possible space free of such objects as might act as baffles 
and deflectors and also those which should not be exposed to the 
impact of hot air. 

Ducts should be so located as to avoid bumps and lowering of 
the necessary head room. They should be guided close to a rigid 
structure to which they can be firmly attached. Sharp corners and 
bends must be avoided as they increase back pressure or the tendency 
for noise. Dampers and other air flow controls must be easily accessible, 
and readily removable for repairs and adjustment. Ducts located 
behind panels or the interior fabric, must be accessible and removable. 
Ducts require service as much as any other components of an airplane 
and such service should not require tearing down of lining or parts. 

Ducts should be inspected regularly for accumulation of foreign 
objects, dust and excessive moisture. 

The placing of inlets is a science in itself. This becomes particularly 
obvious in such cases where it is necessary to provide a warm-air 
inlet serving four seated passengers during the day and two passengers 
lying in a lower and upper berth at night. Here again it is advisable 
to make a diagram of the expected air flow and examine whether the 
circulation follows the desired pattern. 

The location of air inlets is even more critical on military planes. 
If and when high air speeds must be used, inlets should be so placed 
as to avoid blowing against papers, charts, ete. which are lying loose 
on tables, or against persons stationed near them. For the sake of 
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economy it is also often necessary to employ high inlet temperatures. 
In these cases, the inlet must be positioned far enough from materials 
and devices which may not be exposed to heat 


2.5 QUALITY OF Am taken in during flight is usually satisfactory for 
ventilating purposes without further treatment. Humidity control, as 
explained before, must be disregarded, nor is it absolutely necessary 
to provide filters unless a plane operates regularly in or over dust- 
Jaden territory. Filters increase the back pressure of the system but 
are recommended, if such an increase can be dealt with easily. Rain 
and water he with proper drain are often mandatory, especially on 
flying boats; they should be inserted right behind the intake scoop. 

It is very important that the einculate d air is fresh, clean and 
invigorating, Ree irculation is, therefore, not desirable; if resorted to, it 
should be A ited to a maximum of 20%. Obnoxious odors, fumes, gases 
and smoke cause considerably more discomfort in an airplane cabin 
than on the ground and their removal is not aided by recirculation 
although a saving in the heating requirements can thus be obtained. 

In normal passenger flight the varying density of the air need not 
be considered as long as scoops and dinets ise. designed for the air 
volumes to be handled at the service ceiling and at, the most, 10,000 
feet. In planes with higher ceilings, calculations for duct sizes should 
be based on the latter figure since air supply above this altitude nust 
be furnished either by oxygen equipment or supercharging. 

Air duets for te ae other than ventilation, such as hot air 
anti-icing, should always be designec 1 for the air volumes at the maxi- 
mum ceiling 
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unless blowers are used. 


2.6 contrors for air flow may be fixed, semi-adjustable or adjustable. 
Fixed controls in duets and inlets are used for balancing the air 
distribution during installation and initial testing. If occasional re- 
adjustments are necessary, semi-adjustable controls should be em- 
ployed but secured against tampering by unauthorized persons. 

Manually adjustable controls are commonly used in connection with 
individual air supply, such as flaps, ceiling scoops or individual fresh 
air inlets. If used in a central air-supply system, operation by pas- 
sengers must be avoided. Controls of this type are mostly automatic 
with manual override and part of heating installations which will be 
discussed later. 

The control devices differ but little from those used on the ground. 
They are, of course, considerably lighter and more compact, although 
positiv e operation must be assured by sturdy yet simple construction 
which takes into account vibrations and gravitational stresses. Before 
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inserting controls into an air distribution system, the comfortization 
engineer must examine again and again whether cach control is abso- 
lutely necessary and, if so, whether it is desig igty 


ed for lowest possible 
pressure drop. 


8.0 Ducrinc 


Extensive ducting in airplanes is usua lly frowned upon because it 
entails undue sacrifices in space and weight, 

Military planes of the cockpit type ae no ducting for ventilation 
although wing ducts have to be used for hot air anti-icing. Small, 
private cabin planes do not employ any ducting either. Military cabin 
planes usually have no ducts, and even many compartment-type craft 
are believed to be better off without them. 

Yet, while air ducts are quite difficult to place in a military plane, 
it will be found that it often pays to take the rec quired space and to 
overcome reasonable obstacles for the advantages offered by a well- 
planned ducting system. This is the case on military planes which 
have to operate at medium altitudes, over long ranges and with large 
crews—possibly with emergency passengers— and which require a com- 
plex heating installation. On commercial transports a ducting system 
is always advisable and usually necessary. _ 

The adv. vantages of ducting are numerous. It permits the use of a 
central air and he: at supply tices saves weight, space and facilitates 
servicing. It also gives excellent control over air distribution and is 
practically the only effective method of avoiding drafts, stratification 
and pockets. Furthermore, it simplifies heating of accessories, anti- 
frosting and other tasks of heating, 


3.] CONSTRUCTION OF DUCTS. Airplane ducts are mostly rectangular, with 
the flat or wide side facing the cabin, In many cases, they are anade 
from thin-gauge alurninam ; and connected by means of tape. In order 
to prevent metal ducts from drumming, particularly at high air speeds, 
they should be lined with a layer of felt, about ¥” thick, glued to 
the inside and. protected by aluminum gauze or mesh. 

Sometimes, balsa wood is used as duct material alt though this has 
not always proven very desirable. A design of growing popularity 
employs aluminum mesh wire which is supported by stiffeners every 
few feet and covered by doped ere fabric or similar materials. 
This construction has the advantage of being very light, adaptable to 
curving and noise reducing. In soinmedeial planes it lends itself very 
well ‘5. blending into the general artistic scheme. It is, of course, not 


quite as rigid as metal ducting which must be taken into account in 
its attachment. 


Flexible hose of alurninum or fabric is employed for branch lines 
carrying small amounts of air around complicated contours. It is 
usually somewhat heavier than the ducting described above and has 
a higher resistance to air flow. However, its flexibility and rigidity 
make it desirable for such purposes as jadividuat fresh air supply and 
accessory heating. 

Tn attaching duse it is not sufficient to use conventional brackets 
and wire suspensions. The vibrations and gravitational forces to which 
aircraft accessories are expose demand v ery rigid attachment to avoid 
excessive rattling and even breaking, of the duct. 

Insertion of a plenum chamber often assists in counteracting the 
effects of ducts which, because of space limitations, have to be eda: 
dimensioned. 


4.0 Am Iniers 


The choice and location of air inlets presents comparatively little 
difficulty where the inlet is in direct communication with the outside 
as is the case with individual flaps or scoops. The only rules to be 
followed concern structural considerations, the need for positive pres- 
sure and the comfort of crew or passengers. 

If the inlet is part of a ducting system which has to serve a number 
of other inlets, several additional problems enter into the picture. The 
first question to decide is whether the system should be an overhead 
system or not. In the overhead system the duct is attached to the 
ceiling of the cabin and provided with grilles or diffusers through 
which the air enters the cabin. Air outlets or vents are usually located 
near the bottom and in such a manner that several outlets connect to ax 
common. riser through which the used air is spilled overboard. In 
other systems this process is reversed, and fresh air is supplied through 
grilles or louvres and ducts which are located in the corners formed 
by floor and sidewall, with outlets in or near the ceiling. 

Both methods have advantages and disadvantages. The overhead 
system permits the use of only one duct along the ceiling while the 
other method requires, mostly, one duct on each side. The former 
saves duct work as the connecting ducts to the inlets can be held 
quite short. Since the possibility of draft decreases with increasing 
distance of air inlets, their location near the ceiling is very desirable. 
In addition, such a scheme assures better air distribution and mini- 
mizes the danger of incoming air being short-circuited into the outlets 
before it can circulate within the cabin. 

Disadvantages of the overhead systern are the possibility of in- 
sufficient heating near the floor and the forming of pockets under seats 
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and berths. In many cases structural limitations are such as to eliminate 
an overhead system entirely. In spite of that, this system should be 
employed wherever possible and, preferably, in conjunction with 
diffusers. 

The floor board or sidewall type of system is usually easier to install. 
However, it has the disadvantage of often causing too much draft or 
heat to the feet and bodies of seated passengers, and complicating an 
even heat distribution. Travelling along the walls of the cabin, the 
air may easily short-circuit into the vents and cause turbulences and 
drafts. These factors must be taken into account, if structural con- 
siderations make. the choice of this system mandatory. 

Short-circuiting into the vents is also the principal disadvantage of 
warm air inlet g grilles located in the window frames. This method is 
sometimes used since the window panes cannot be protec ted by heat- 
proofing materials and thus represent the coldest areas of the cabin 
interior, causing discomfort to passengers seated near them. In spite 
of that, window inlets are not reeummended. 

The inlets themselves may be, grilles or louvres. The latter are 
preferable since they are adjustable; this assists in balancing the air 
supply and distribution. However, adjustment by passengers and 
unauthorized crew members must be avoided as this could easily 
offset the balance, and result in increased or decreased air and heat 
flow through other inlets. 

The most desirable forms of air inlet are air diffusers such as the 
so-called anemostats. These units are usually mounted near or on the 
cabin ceiling and diffuse the emitted air over a wide cone and in 
such a manner as to practically eliminate the possibility of drafts, 
even at relatively high air speeds. If used in combination with a 
heating system, an anemostat like the one in Fig, 29 sucks in cold 
cabin air, due to its inherent aspirating effect, and mixes it with about 
twice that much hot air before emitting the latter. This permits higher 


inlet temperatures and a more efficient all-around heating and ven- 
tilating system. Other models combine the diffuser with an exhauster, 
eliminating the need for additional foul air openings and floor ducts. 
The anemostat shown in Fig. 80 is a combination warm and cold 
air diffuser which makes it possible to adjust the air supply to any 
temperature from very cold to very warm. Figure $1 illustrates a 
diffuser with built-in light fixture, allowi ing for supply of both air and 
light from the center sf the cabin or compartment ceiling. 
Diffusers of this type are very common in ground air conditioning, 
They are light, simple and compact and should be considered for use 
on aircraft as long as dueting to individual air inlets is at all possible. 


4.1. INDIVIDUAL COLD-AIR SUPPLY. Ventilating s systems on transports are 
commonly augmented by means for iidividual supply of cold and 
fresh air. This feature provides considerable comfort to passengers 
who are given to air sickness or discomfort in travelling. The system 
consists of either an individual scoop or a branch line from the main 
cold-air intake, and inlets at every seat or station. 
The design of such a system entails several problems. The inlets 
must be ¢ vasily adjusted by the passengers and provide the desired 
cold air stream in any direction and amount without causing draft or 
other discomforts to near-by passengers. Furthermore, opening or 
closing of a number of inlets should not decrease or increase the flow 
through other inlets, Finally, the ducting to the inlets must not inter- 
fere with the artistic scheme in commercial airliners. 


Fig. 82 


Figure 32 shows a typical installation of individual inlets, consisting 
of a small tube which is closed at the end and provided with a hole 
in the side for the escape of air. The air quantity is adjusted by tele- 
scoping the tube into or out of another tube located behind the fabric. 
Direction of air flow is adjusted by turning the tube. Another design, 
also permitting easy adjustment of the amount and direction of air 
flow is shown in Fig. 33. 
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The maximum air quantity per inlet should be about 5 cfm, If the 
plane operates in cold climates, it is advisable to provide for some 
pre-heating of this air; otherwise, too much How of air at very low 
temperatures might so cool the area which it serves that it will cause 
discomfort not only to other passengers but to the user himself. Design 
of this system for minimum noise requires the ut most attention. 

The connecting duct work should, preferably, consist of ree tangulay, 

flexible hose from aluminum or fabric which can be formed to the 
contours of the wall and be made to fit between the skin and cabin 
fabric. 

The main supply duct for the individual stations should not be 

tapered toward the end of the cabin as is sometimes done. This would 

assist in unreasonable flow changes with every change in the number 
of open or closed inlets which can be avoided by making the duet 
somewhat larger than required for maximum air flow through it and 
keeping its cross section constant, 
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Xx 
CALCULATION OF VENTILATING SYSTEMS 


L.0 Inrropucrion 


In the previous chapter, ventilating systems were compared fo 
electric circuits. This analogy applies, in particular, to some of their 
fundamental laws. In the case of an electric circuit, for instance, the 
electromotive force or voltage equals the product of the resistance in 
the circuit in ohms, and of the rate of current flow in amperes. This 
relationship is called Ohm’s Law and is expressed as: 


B=RXI 


In a ventilating system, P, the horsepower required to move a given 
amount of air through it, is analogous to the electromotive force; the 
resistance to the air flow results in a pressure drop h, which is ex- 
pressed in inches of the equivalent height of a water column; and q 
is the air flow in efm. The relationship between P, h and q is:* 


“P=hxaXe (1) 


in which ¢ is a constant. 

In other words, the calculation of ventilating systems uses a basic 
law which, in some respects, is similar to the Ohm’s Law of electricity 
and permits the calculation of the horsepower required to circulate a 
given quantity of air against a given backpressure. By the same token, 
if the horsepower in a given column of moving air is known, it is 
possible to calculate the maximum permissible back pressure for this 
rate of air flow. 

In designing ventilating systems for aircraft, the air flow or cfm 
required for a particular purpose is usually established beforehand. 
Thus, it is known how many cfm are needed for the ventilation of a 
cabin, anti-frosting of a windshield or anti-icing of a wing. The meth- 
ods for calculating these quantities are given elsewhere in the text. 

The following outline can, therefore, be confined to a discussion of 
pressures and pressure drops affecting the design of airplane 
ventilation. 


[68] 


i 
q 


seer mnt 


2.0 CALCULATION oF AIR PRESSURES 


As a plane moves through the air at high speed, the impact of the 
air exerts a considerable pressure against those surfaces of the plane’s 
structure which face in the direction of flight. If a hole is cut into 
the nose or the leading edge of a wing so that the plane of the hole is 
perpendicular to the air stream, the velocity head or pressure de- 
veloped during flight drives a certain amount of air into the hole and 
through attached ducting. This pressure is called ram and being made 
use of in the great majority of ventilating systems on aircraft. 

2.1 RAM exerted against a flat plate, perpendicular to the direction of 
flight, is: 


V = 1096.5Vh,/d (2) 


in which: V is the true air speed of the airplane, in fpm; 1096.5 a 
constant; fh, the ram or velocity head in inches of water; and d the 
density of the air in Ib/cu ft. For dry air at standard conditions (70° 
and 29.921” Hg barometer), d = 0.075 Ib/eu ft. Substituting this 
value in equation (2) yields: 


V = 40057h, (3) 


In most cases, it will suffice to use this simplified formula since 
slight changes in atmospheric conditions will not greatly alfect the 
value of h;. On the other hand, the density was assumed for sea-level 
conditions while an airplane may fly at an altitude of 35,000 feet at 
which the density of the air is only about one third of that at sea level. 
The question arises as to how this will affect the ram. 

It so happens that, for constant horespower output of the airplane 
engine, the ram is unaffected by altitude. This is explained by the fact 
that, with decreased air resistance at altitude, the speed of the plane 
increases correspondingly. Equilibrium is established as the resistance 
of the thin air at higher speed equals that of the denser air at lower 
speeds. Consequently, the ratio of the velocities equals the square 
root of the inverse ratio of air densities or: 


Vo = y, Vdi/da : (4) 
in which the suffixes a and s denote altitude and sea level, respectively. 


For this reason, the ram can be calculated for sea-level conditions, 
no matter what the service ceiling of the airplane is, as Jong as the 
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2.2 BLOWER, Sometimes, it is not possible or feasible to ram in air 
through a scoop. This is the case if there is no ram available such as 
in ground ventilation; or if there is insufficient ram such as for the sup- 
ply of combustion air in some internal combustion heaters; or the drag 
induced by a scoop of sufficient size must be avoided, 

In such instances, it becomes necessary to use a fan or blower, The 
power required to drive this blower depends on the air quantity which 
it must supply and the backpressure in the system. In elaborating on 
formula (1), the following equation is derived; 


kx qx} , . 


33,000 X ¢ 


in which: P is the required horsepower; k = 5.2, g the air fow in cfm; 
h the pressure head in inches ILO; 83,000 conversion factor; and ¢ 
the efficiency of the fan. For a normal fan, ¢ = 05 while, for the 
Sirocco type, e may be as high as 0.65. Since it is advisable to provide 
a conservative margin, e¢ shall be-assumed as about 0.5 and, substituting 
in equation (5): 


P (in h.p.) = 3 19-4 xyXA (6) 


If the constant 8 < 1Q-4 is substituted by the letter c, equation (6) 
is again reduced to formula (1). 

Normally, blowers or fans for air supply on aircraft are driven b 
electric motors. Since I kilowatt == 
quired to drive a blower is: 


a 


1.341 hp, the electric power re- 


P (in watts) = 0.224 x axXh (7) 


Assuming, for instance, that a blower must sn pply 25 efm of com- 
bustion air against a backpressure of 6” H,0, the wattage of the motor 
required to operate this blower must be: 

P = 0,224 x 25 x 6 = 33.6 watts 

Calculation by means of these formulas is, of course, only approxi- 
mate but close enough for most applications. 
3.0 CaLcuLatTION ov Pressure Drops 


The pressure drop in a ventilating system is caused by two factors, 
namely the dynamic losses incurred by change in the direction or 
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velocity of the air flow such as in bends, dampers, outlets and the 
like; and by the friction losses which are due to friction of the various 
air layers among themselves and against the walls of the duct. 

‘The back pressure of a duct or any other component of a ventilating 
system is the drop in pressure or velocity head an air stream suffers 
while passing through such a component. This may also be termed the 
resistance to air flow. However, the designation pressure drop is the 
most common as it better conveys the importance of the fact that 
none of these expressions, by itself, has any meaning. Thus, in stating 
that the pressure drop through a ducting system is 4” T,0, it is also 
necessary to give the mass flow rate of the air or the pounds of air 
flowing. through a unit area in unit time which create this pressure 
drop. Similarly, the amperes flowing through an electric circuit are 
meaningless unless the voltage is given which produced this current 
flow. 

The relationship between: pressure drop and air flow is quite in- 
yolved. It depends not only on the mass flow rate but also the shape 
of the air conductor, the roughness of its surface and the air density. 
Yor instance, the pressure drop through a circular duct is established 
by the following equation: 


f2L 
J a3 (8) 
2¢7eD 


AP : 


in which: 
AP =: Pressure drop, in lb/ft? 
f = Friction factor, non-dimensional 


L = Duct length, ft 
g = Acceleration constant, $2.16 ft/sec? 
e = Mass density, slugs/ft 
D = Inside diameter of duct, ft 
The friction factor f is a function of the ratio of k—the height of 
roughness on the inside surface of a duct-to the duct diameter, and 
the so-called Reynolds number R, which is defined as: 


GxD 
he 
B 
in which py. = Absolute viscosity, Ib/see/ft 


Similar equations are given for square and rectangular ducts as well 
as other shapes. Obviously, calculations by means of these formulas 
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are not only complicated and time-consuming but also intended for 
an accuracy which, in most cases, is fot veqtired. Friction fetes ~~ 
other data usually must be assumed and may vary cee 
within each installation. In addition, it is necessary ‘6 aloe — 
sufficient margins in order to compensate for unforeseen contin saneins 
For this reason, the author in cooperation with G. B. ode stafl 
engineer at Solar Aircraft Company, worked ont a method wiih 
simplifies these calculations at the expense of some secures y How: 
ever, the results thus obtained are usually close Suoiak paren ite 
is based on establishing the pressure drop through "4 sartieular ate 
poe for standard conditions and unit a and ate 
ee factors, given in graphs, for different conditions and 
The basic pressure drop has been termed the Specific Resistance of 
an air conductor and designated by the symbol R,. The fimndlatnental 
formula for the relationship between presstire drop aad specific : 
sistance is then: were 
AP = Ry X dy/da X 1 (10) 
in which: - 
AP = Pressure drop, inches H,O 
R, = Specific resistance of an air conductor, inches H,O 
d,/d, = Correction factor for altitude = 
+ = Correction factor for temperature. 
The significance and use of these factors is described below. 


] Perna ee ate As the airplane rises to higher elevations, 
pees 2 - 7 i ecreases, Thus, a cubic foot of air, which weighs 
ws hate a level, weighs only 0.0549 Ib at 10,000 ft and 0.0343 Tb 
a a t At 35,000 ft, it weighs about one third of its sea-level value 
If it is required to keep the weight of the air flow constant its 
volume must be increased as its density decreases. For distance 7.5 Wb 
of air per minute are supplied by a flow of 100 cfm ata sea del, but 
three times that many cubic feet or 300 cfm are needed to sup ay fis 
same weight of air at 35,000 feet where the density is only ee he 
Assuming now, that 100 cfm which flow through a duct at sea level 
suffer a pressure drop of 2” HO, how is the pressure drop affected if 
three times that many cubic feet pass through the duct at 35 000 ft 
altitude? The weight of the air is the same in both cases but, ee a 


-the pressure drop must be higher at altitude since so much more vol- 


piel squeezed through the duct which, of course, has not changed 
. ee A study of equation (8) will show that a given pressure drop 
at sea level will increase approximately in the same proportion as the 
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mass flow, is: 


1 
i 
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3.2 CORRECTION ¥OR TEMPERATURE. It was mentioned before that R, 
is defined for standard conditions, and it has been computed on that 
basis to obtain the values for the curves which will be discussed 
shortly. Standard conditions, however, take into account not only 
those existing at sea-level densities but also a standard temperature. 
Vor this reason, it is necessary to multiply R, by a correction factor, +, 
which is based on the value 1.0 for 70°. The corrections required for 
lower or higher temperatures are given in Fig. 83-B. As can be seen, 
slight variations in temperature hardly affect this factor so that it can 
be neglected in a great many cases, , 


3.3 PRESSURE DROP IN STRAIGHT DUCTS, As a practical example of the 
use of the specific resistance Rs, it will be shown how to apply it to 
friction losses in a straight duct. The unit length of the duet shall 
be 1 ft so that the pressure drop through a length of L ft, at any 
altitude and temperature, is: 


4P = R, xX de/de X71 XL (12 


At standard conditions, that is at sea level and 70° temperature, 
ds/d, and + are 1. For one-foot length of duct, the pressure drop then 
equals the specific resistance, which is in accordance with the latter’s 
definition, 

It will be noted that the shape of the duct does not enter into this 
equation so that it applies to round, Square, rectangular and annular 
ducts. This is explained by the fact that the curves provided in 
Fig. 83-C for finding the specific resistance at various mass flow rates 
are based on the hydraulic diameter of the duct. 

The hydraulic diameter, D,, is established by the formula: 


Dp Ses (13) 


in which: 


Dy, = Hydraulic diameter, in. 
A = Area of the duct, sq in. 


_ The wetted perimeter of a duct js the curve which, in a cross- 
sectional view of the duct, encloses the flow area and is touched or 
“wetted” by the air flow. For instance, in a round duct, that curve is 
the periphery and its length 2er. In a square or rectangular duct, the 
ait obviously touches all four sides so that the perimeter is the sum 
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i tis 6” wide and 3” high, its wetted 
of the side-lengths. Thus, if a duct is 6” wide and 3 mg : apes 
: Y { aig i Le pastiche. 2 sum oO 
perimeter is 18”. In an annular duct, the perimeter is the 
outer and inner peripheries. 


) 


SPECIFIC RESISTANCE,R, (GNCHES OF WATER/FT. LENGTH 
2 


4-4 
Uy 

me : 
6 Ap 

7 ie 

OOO! A a ceo =F 

7 ae & 
2 3 


4 6 10 20 3040 60 


MASS FLOW RATE,G (1000 LB/HR SQ.FT) 
Fig, 33-C 


3 ati ‘or instance, the hydraulic diameter of a round duct, 
Calculating, for instance, y 


it is found that: 


44 4X 0X? 
Dy, cot Pp pd Ont 


= 2r 


drop at any altitude, caused by a branch connection, is tt 
y Mi 


In other words, the hydraulic diameter of a round duct 
its regular diameter. 

If the hydraulic diameter of a straight duct has been calculated, its 
specific resistance R, at any particular mass flow rate can be found 
from the curves in Fig. 33-C. This value is then inserted into equation 
(12) and such corrections added for altitude or temperature as are 
necessary, 

It should be mentioned that these curves are for isothermal flow, 
that is, the air temperature throughout the length of the duct is 
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assumed to be constant. If there is a difference 
outlet temperatures, it should suffice normal 
temperature and base the factor + on that. 


between air inlet and 
ly to establish the average 


3.4 PRESSURE DROP OF BRANCH DUCT connections. If air flows from one 
duct into another, its direction and velocity are changed, resulting in 
a pressure drop. This drop depends on the mass flow rate, the angle 
at which the air enters the other duct and, if air should be flowing 
in this other duct, the latter’s direction. These possibilities are illus- 
trated in F ig. 33-D. The corresponding specific resistances at various 
mass flow rates are given by the curves in Fig. 38-E. The pressure 
1en found as: 


AP = R, X d./dq (14) 
[77] 
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Since the friction factor does not enter into this calculation, no 
correction for temperature is necessary. 


~ 


3.5 PRESSURE DROP THROUGH ROUND ELBOWS. Pressure drops through 
round elbows are found by means of equation (14). In Fig. 33-F, their 
specific resistances at different mass flow rates are plotted for a variety 
of radius ratios, which are defined as the ratio of the bend radius to 
the diameter of the duct, as shown in Sketch A of Fig. 33-G. 

It should be noted that the values for R,, found in the curves, must 
be multiplied by ten for radius ratios from 0.5 to 2, inclusive. 
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3.6 PRESSURE DROP THROUGH SQUARE ELBOWS, TI 
square elbows at various mass flow rates and radius ratios are given 
by the curves in Fig. 33-H. The radius ratio, in this case, is the ratio 
ee: bend radius to the length of the side of the square, as shown in 
mea + » : ; ‘a 

S etch B of Fig. 33-G. It is necessary to multiply Ry by 10 for radius 
ratios from 0 to 8 inclusive, 

~_ Rg is inserted into equation (14) to find ¢ 
altitude. 


1e specific resistances of 


le pressure drop at any 
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3.7 PRESSURE DROP THROUGH DAMPERS. The pressure drop through a 
damper depends, in addition to the factors mentioned above, on the 
damper setting or the angle between the damper and the direction of 
air flow as illustrated in Sketch D of Fig. 33-G. 

Specific resistances of dainpers at various mass flow rates and damper 
settings are given by the curves in Fig. 33-1. AP for different altitudes 
is found by means of formula (14). 


Fig. 83-G 


3.8 pressuRE DROP THROUGH scoop, The pressure drop which an air 
stream suffers when passing through a scoop is somewhat more diffi- 
cult to calculate since the scoop area is, often, not uniform. In the 
scoop shown in Sketch C of Fig. 83-G, the area expands, thus forming 
a venturi. The purpose of this construction is to obtain high static 
pressure at low velocity although, at the mouth of the scoop, the static 
pressure is low and the velocity high. Such a scoop construction is, 
therefore, ideally suited for aircraft installations, particularly, since 
this permits a smaller opening for the scoop in the skin of the plane 
and, consequently, induces less drag. 
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There is, however, a certain pressure loss connected with this con- 
struction which is calculated in the following manner: 
AP = Rh, X ds/da * WV (15) 
in which ¥ is a factor depending on the aspect rati ‘¢ ‘chi i 
wih lee ees depending on the aspect ratio w/d, which is 
is y 4.0 (see Sketch C in Fig. 33-G), and the ratio of the outer bend 
radius R, to the inner one, R;. Values of ¥ for various aspect ratios 
and values of R,/R; are given in Fig. 33-]. 
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The specific resistance of a scoop depends on the ratio of the alanis 
scoop area to the larger one, or A,/A,. V alues for Ry at different area 
ratios and mass flow rates are plotted in Fig, 83-K. 

The values found for ¥ and R, are inserted into equation (15) which 
then yields the pressure drop at any altitude. 

3.9 PRESSURE DROP THROUGH MISCELLANEOUS RESISTANCES, A ventilating 
system on an airplane as well as on the ground contains a great 
variety of components which add to the total pressure drop through 
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the system. Such components may be deflecting vanes, diffusers of 
manifold types, transitions, heaters, radiators, gate valves, nozzles, 
grilles and many others too numerous to mention. Since, in addition, 
sizes, shapes and constructions vary considerably, it is impossible to 
discuss even a small fraction of such devices in this space, Frequently, 


the manufacturer will supply the desired air-flow data. Added informa- 


tion can also be found in specialized publications such as the SAE 


Aeronautical Information Report No. 2, from which many of the data 
for the calculation of the curves accompanying this chapter were 
obtained, and other sources some of which are listed among the refer- 
ences below. 
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There is, however, a simplified method of establishing R, for any 
12 


component part ofa ventilating system. If the value =. in equation 
2 
(8) is designated as 4, the specific resistance of any component causing 
a dynamic pressure loss can be expressed as: 
Rp =\Xk (16) 
in which k is a constant for that particular component. 
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If k can be found empirically, as is often possible, the calculation 
of Rg is not difficult. Assuming, for instance, that it is desired to find Ry 
for an airplane heater, ducts are connected to it and. air passed 
through the system. Measurements are then taken of the air pressures 
at the inlet and outlet of the heater. Their difference represents the 
pressure drop through the unit. Next, the air flow rate is measured at 
which this pressure drop occurred. Inserting the pressure drop thus 
established into equation (16) as Ry and finding in Fig. $3-L as a 
function of the measured mass flow rate, yields the value for k. 
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R, can now be calculated for all other mass-flow rates since k remains 
constant, Using equation (14) again, the pressure drop through the 
heater can be found for all conditions of air flow and altitude. 

One factor which must be observed in using k is that the physical 
dimensions of the unit for which k has been measured may not be 

changed. For example, if k has been found for a gate valve at a 
particular setting, any change in the setting of the valve will affect k 
so that it must be established separately for a number of intermediate 
sees from full open to full closed, unless the valve is to be used 
only fully closed and at one other, specific setting. This fact will not 
be overlooked, if it is realized that any change in the setting of a 
valve, louvre or shutter will entirely change the characteristics of this 
part, and, with it, its effect on air flow. 


4.) CALCULATION OF AREAS 


The flow area is a function of the air quantity and velocity. The 
equation for calculating either one of them, if the other two are given, 
is: 


gq=zAXV (17) 
in which: 


q = Air quantity, chn 
a == Cross-sectional flow area, ft 
= Velocity, fmp 


4.1 ArEA or pucrs. In calculating the size of ducts, the air quantity 
which must be conveyed thr teh a particular duct is usually given. 
For instance, if a duct is to be branched off from the main warm-air 
duct to the windshield of an airplane for anti-frosting purposes, the 
heat requirements of this installation must be calculated first. Once 
these requirements are known, the air quantity needed to supply the 
calculated amount of heat at the desired temperature is automatically 
established, 

Since a duct is merely the means for carrying air from one point to 
the other, the quantity ‘of the air is determined so lely by its end use, 
which may be ventilating, heating or cooling. Consequently, it is 
computed by considerations other than duct sizes. 

There is, however, one exception which applies to airplane installa- 
tions. If the duct sizes required to carry a calculated amount of air 
should prove to be unreasonably large or cannot be incorporated into 
the structure of the fuselage or wings, it is sometimes necessary to 
decrease the quantity either by increasing the air temperature or, in 
some other manner, cutting down on the air requirements. 
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A point which is frequently overlooked in this respect is the increase 
in air volume at altitude. If, for instance, the air requirement has been 
found at 7.5 Ib/min, the equivalent volume at sea level is 100 cfm. 
Assuming now that a duct has been designed for passing this volume 
at a velocity of 2000 fpm and a pressure loss of 4’, conditions at, say, 
35,000 ft altitade would become quite difficult. At about one third the 
density of air, constant mass flow would require 800 cim which then 
pass through the duct at the excessive velocity of 6000 fpm and suffer 
a pressure loss of 12”, Apart from all other disadvantages, the ram 
may not be large enough to supply the required volume against so 
high a backpressure and, as a result, the mass flow decreases. For this 
reason, installations depending on constant mass flow must be calcu- 
lated on the basis of air volumes at the service ceiling of the airplane. 

Once the value of the product A x V is given, the establishment of 
either one is, normally, a matter of choice. A high velocity is not 

desirable from the standpoint of noise. In addition, air discharg : 
the cabin at high velocities causes harmful and lisagreeable drafts, 
As a rule, air velocities in ducts should not exceed 1200 fpm, if the 
ducts are within a soundproofed cabin, and be below 8000 fpm in 
ducts outside of the cabin. With air quantity and velocity known, the 
area of the duct can be calculated by equation (17). 

On the other hand, the calculated “duct size may be impossible to 
provide due to space limitations, or the ensuing weight may be con- 
sidered too high. In this case, it is necessary to permit an increase in 
air speed unless it is possible to get along with smaller quantities, 

In calculating a main duct from which srmaller ducts branch off at 
various points, it is common practice to decrease its size after each 
take-off in accordance with the decrease in air quantity which it has 
to carry from that point on. However, if space and weight permit, 

it is frequently advisable to leave the size of the main duct unch ranged, 
In this case, the duct acts as a plenum chamber or buffer which. not 
only tends to counteract pulsations in the air flow but also serves as an 
acoustical capacity, decreasing the noise level of the ventilating system. 
This scheme is of particular usefulness in systems where the flow 
through the branch duets may vary considers bly as, for instance, in 
the individual cold air supply systems of airliners. As one or more of 
the air nozzles which are provided for each passenger are opened or 
closed, strong pulsations may result which can be minimized by a 
plenum systema of ducting. 


4.2 CALCULATION oF scoops. The velocity head available at the mouth 
of a scoop is, according to equation (2): 


V = 1096.5/h,/d 
[87] 


Since V, the true air speed of the plane, is given, the equation is 
solved for h, and the ram is then: 


h, = = (5 <3) xd 
1096.5 
This, however, is not the pressure which drives the air through the 
ducting system but rather the pressure exerted against a flat plate, 
perpendicular to the direction of flight, as explained before. 
If the plate is removed and the air stream permitted to enter an 


opening, such as a scoop, in the structure of the plane, the pressure 
which. tends to drive this air stream into the scoop and through the 


attached ventilating system is opposed by the backpressure within this | 


system. In other w youl the movement of the air through the system 
is impeded by frictional and other resistances which act in a direction 
opposite to that of the ram. Consequently, the resistance or back 
pressure of the system to a given air flow must be deducted from the 
available ram, and the remaining difference is then the pressure which 
produces the desired air flow. 

This is best illustrated by the following example: Assuming that the 
air speed of a plane at sea level is 150 mph or 13,200 fpm, then the 
velocity head, in inches of water, is, according to the simplified equa- 
tion (3): 


. 13 ,200 ne 
hy = (= =) = 10.89 HO 
4,005 


The pressure losses in this particular system are caused by a number 
of resistances which shall have been calculated on the basis of as- 
sumed air flow as follows: 


Air intake and sereen: == 9.5” 
Rain eliminator and trap: = 1.5” 
Exhaust-gas heat exchanger: = 9.5! 
Supply ducts and dampers: = 0.63” 
Inlets in cabin: = = 0,05" 
Positive pressure in cabin: == 0,75” 
Total Pressure loss ve 93” H, O 
Deducting this value from the velocity head, 10.89, gives an avail- 
able pressure at the intake of h = 2.96” H,O. 


This pressure determines the speed of the air entering the scoop, 
namely: 
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the intake area of the scoop can be found by means of equation (17) 
and: 
( Or aa baie 
A = Q/V = —— = 0.218 sc 
6890 ase 
In order to compensate for intake losses of about 25%, this value is 
increased to 0.3 sq ft, so that: 


Area of intake scoop = 43.2 sq in. 


The dimensions of a scoop of this area are ther n established in accord- 
ance with structural requirements. 
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XI 
SELECTION OF AIR SUPPLY 


There is a sufficient variety of means for air supply and its distribution 
to furnish a satisfactory combination for every conceivable purpose. 

Although it was shown that no rigid rules can be established for the 
selection’ of the best suitable combinations which would apply under 
all or even most conditions, the basic characteristics of the three 
comfortization types of aircraft permit common methods of approach 
which will be analy zed in the following. 


1.0 Am Suepiy vor Cockprr-ryepe AIRCRAFT 


Turning first to planes of the cockpit type, it is unwise for the 
comfortization engineer to brush the problems of air supply aside in 
the conviction that so much air is streaming into and through the 
cockpit that there is too much rather than too little air. 

The cockpit must be so designed that no harmful gases, fumes and 
odors can enter it under normal conditions of flight and combat. If 

the hood is open, the result- 
ing drafts warrant close at- 
tention so that the suction 
effect of the air stream will 
neither cause unreasonable 
under-pressures within the 
cockpit nor will the ensuing 
draft result in serious dis- 
comfort to the exposed parts 
of the flyer’s body (Fig. 34). 

If the hood is closed, it 
must be ascertained beyond 
doubt whether sufficient air leaks into the cockpit to conform with the 
requirement of 135 pounds of fresh air per hour and per person. Since 
it is difficult, if not impossible, to calculate accurately the amount of 
air infiltration into the closed cockpit, it is essential to check the air 
supply in flight, and at the highest ceiling the plane is expected to fly 
without the use of oxygen equipment, 

While in most planes of the cockpit type enough air will be supplied 
by natural infiltration, such a method, simple as it is, has many dis- 
adv antages. Turbulences caused around the cracks through which the 
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air is expected to infiltrate increase the drag of the plane. Proper 
calculation of the air supply is practically impossible. Furthermore, it 
is very difficult to check or direct the drafts, keep rain out of the cock- 
pit, ete. It is much better to provide an air-su pply scoop and comp lete, 
airtight closing of the hood during flight, with a foul-air spill so 
designed and located as to prevent drafts near the pilot or other 
occupants, and to build up a slightly positive pressure within the 
cockpit. 

Apart from other advantages, such as decreasing the noise level in 
the cockpit and facilitating heat supply, this me thod permits an ac- 
curate calculation of the air weight supplied at all altitudes, Dive- 
bombers are provided with scoops of this type to provide a blast of cold 
air for the pilot’s face which aids in overcoming the effects and after- 
effects of black-outs during dive-bombing. Scoops for these purposes 
are, preferably, located in the leading edge of the wing and will add 
less drag than a semitight hood. 

Since the ram effect of the scooped-in air tends to compress the air 
within the cockpit, somewhat greater altitudes can be obtained without 
the use of oxygen in a sealed cockpit than in one that i is open or subject 
to uncontrolled infiltr: ation and exfiltration. 


1.1 sUPERCHARGING OF COCKPIT-TyPE PLANES. If altitudes have to be 
attained at which not only the oxygen content of the air but also its 
pressure is too low for minimum physical requirements, complete 
sealing of the cockpit and air supply by means of a blower are neces- 
sary. The weight and electric current consumption of the blower are 
high and an undesirable burden to the light and fast-flying, high- 
altitude planes of the cockpit type. 

However, the fastest and lightest plane is useless, if no human being 
can operate it at the design ceiling. Therefore, supercharging with all 
its disadvantages must be resorted to at very high altitudes and, if 
possible, even at altitudes where oxygen equipment alone is usually 
sufficient. It must be realized that insufficient air pressure and rapid 
pressure changes can be just as harmful, particularly over a period 
of time, as low oxygen supply. This, incidentally, is another strong point 
for the airtight cockpit. 

The previously broached problem of what wrt ns when a super- 
charged, military plane is damaged by enemy fire warrants the most 
serious consideration. It is, of course, impossible to so protect all of the 
essential components of a warplane that, under no circumstances, will 
damage result in putting the plane out of action. 

The designs of the plane manufacturers and the specifications of 
Army and Navy can merely provide for the utmost in safety and 
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guarding of vital elements of the plane against enemy fire which is 
stil compatible with the required fanstions of such an airplane. An 

interceptor designed to fly at such speeds and altitudes as to outfly 
enemy bombers or attack planes cannot very well be provided with 
one-inch armor around cockpit, fuselage or engine nacelles. There can 
be only a reasonable Se hecwenn suitability for a definite pur- 
pose, and protection for the pilot and important components of his ship. 

This holds equally true for air supply. A shell or fragment shattering 
the oxygen bottle or tearing the supply hose at high “altitude may be 
just-as fatal as a shell which destroys the propeller or hits the pilot. 
Therefore, air-supply equipment for high altitudes warrants reasonable 
Wise Se extreme asin ity. In ine nase ee a sept 


sO piece as to savle fer a eave cok excess copie) ehick 
will render small holes, cracks, ete. reasonably harmless. As an ultimate 
precautionary measure, subdivision of the cabin into various airtight 
compartments may prove to be necessary. However, if the plane is so 
badly damaged that the supercharger can no longer provide the 
minimum requirements of oxygen or pressure, the plane is probably 
equally disabled in other respects and must be abandoned. 

A general analysis of the best suitable means of air supply on high- 
altitude cockpit aircraft, will reveal that individual and low- -pressure 
oxygen supply is usually preferable to supercharging for military 
p slanes, unless extremely high service ceilings or particularly great pres- 
sure changes make the laa mandatory. Nonmilitary cockpit planes 
which operate regularly above 15,000 feet should be supercharged 
whenever feasible. Otherwise, individual, high-pressure oxygen supply 
should be provided. 


2.0 Aim Suppiy ror CABIN-rype AIRCRAFT 


2.1 matrrary. The selection of air supply for the conventional military 
plane of the cabin type is not easy. These planes--usually two-engine 
craft with from three to six crew members~are provided with nu- 
merous openings for the sae of military equipment such as 
guns, cameras, sights ete. Some planes of this type have large gun 
blisters which are opened during combat. 

Obviously, the aneontrollable infiltration of air is so strong that, 
under most circumstances, it will suffice to supply all air needs for 
breathing at medium altitudes. Again, considerations of ‘draft, carrying 
away of foul and malodorous. air, smoke, and carbon dioxide or 
monoxide, and the need for greater air quantities by volume at higher 
altitudes must be the prime factor in determining whether aaraial 
ventilation is sufficient. 
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Instead of the air requirements of the crew alone, it is necessary 
to consider the potential requirements of a maximum number of addi- 
tional passengers who may have to be carried in an emergency. So 
it is preferable to calculate on the basis of air changes per hour rather 
than air quantities per person. Due to the altitude requirements, there 
should be not less than 20 complete air changes per hour which should 
suflice for all contingencies, 

No matter how effective the natural air circulation ee the 
plane is, it is mandatory to provide for auxiliary ventilation for hot 
weather, an excess number of passengers or such exceptional condi- 
tions as may arise for a number of reasons in the course of military 
operations. The simplest means for auxiliary air supply are ventilation 
flaps or scoops augmented by spills for better circulation. These devices 
will usually suffice for flights up to medium altitudes and beyond that, 
if oxygen equipment is used. 

Considerably. more desirable—particularly from the standpoint of 
efficient air distribution and heat supply—is eel air supply by 
means of a scoop in the leading edge of the wing. In an installation of 
this type, the air may be distr buted either oe an overhead duct 
and ceiling diffusers, or through common floor ducts and branches 
of flexible aluminum hose, terminating in nozzles or similar inlets. The 
choice, in this case, depends entirely on the method of heat supply with 
which the ventilating system may have to be combined. 

Central air supply is more difficult to install and takes up added 
weight and space. Therefore, it should be limited to military cabin 
planes which are rather well insulated and on which the requirements 
of both air and heat supply are stricter than they are normally for 
planes of this type. 


2.2 ATR SUPPLY FOR MILITARY CABIN PLANES AT HIGH aLTrrupes has 
caused considerable trouble for comfortization engineers. Portable 
oxygen equipment is simple but its bulk and weight become a more 
serious factor than on he cockpit-type plane. On the cabin-type war- 
plane quick motion from one | ue to another is often of the greatest 
importance, particularly during combat and in emergencies, The 
carrying of oxygen ec quipment “impedes such motion and the rapid 
actions which may be required. 

Central oxygen supply, on the other hand, frees the crew members of 
the need of carrying their equipment around while it com pels them to 
stay within the range of the hose with which they comect their mask 
to the oxygen-carrying pipe along the wall. Even if the le ngth of this 
hose is consider able, permitting ich a certain freedom of motion, 
they have to disengage the hose and thus interrupt the oxygen supply, 
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if they move beyond the length of their supply hose. Any delay in 
the resumption of oxygen supply can be fatal. 

Finally, there is the possibility of av srcharging the cabin with en- 
suing problems similar to those analyzed for the. cockpit-type plane. 
Still, for ver y great altitudes ene is most desirable for cabin- 
type planes, and preferable to the use of portable or central oxygen 
supply, as long as proper precautions can be taken to cope with all 
cn See 8 

Whether the advi ai of supercharging can be fully utilized for 
this type of military craft during this war, is another question. For the 
present, oxygen equipment still of- 
fers the best solution for high-alti- 
tude operation, This equipment 
should be of the central and low- 
"pressure type, with portable units 
carried for emergencies. 


2.3 NONMILITARY planes of the cabin 

type may be either small, private 

Fig, 35 craft or medium-sized transports. 

Considerations of air supply for the 

former are the same as for the cockpit type, nonmilitary planes, while 

the latter’s requirements are very similar to commercial, compartment- 
type planes (ig. 35), 


3.0 Ar Suppiy ror CoMPARTMENT-TYPE AIRCRAFT 


3.1 antrrary. The compartment type includes transports, cargo and 
ambulance planes, long-range bombers and the like. Fundamentally, 
military transports are but fitdle different from commercial planes of 
corresponding size. Usually of long range, medium ceiling and vol- 
uminous interior to accommod: ate a large number of people, ee re- 
quire a considerable amount of cont GEaied. Efficient air supply is a 
vital factor, not only on account of the larger number and, often, 
weakened or sick passengers, but also because of the longer duration 
of flights, presence of galley and lavatory odors, ete. 

Air supply on such planes is almost qe coupled with the 
heating system, requiring ducting, air diffusers as described before, 
or grilles, foul-air outlets and, whenever possible, individual cold-air 
supply. 

Although the requirements of comfort are not nearly as high as they 
are on a commercial transport, the means and equipment used to 
meet them are quite similar, necessitating well- -planned design. The 
passengers carried are often dnastdctoined to flying and, unlike the 
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crew members, not always selected for their physical qualifications as 
airborne passengers as are paratroops. Therefore, it is necessary to 
make certain concessions which, normally, would not be made on a 
warplane, 

While the long-range bomber is also a compartment-type plane, its 
crew is usually quite small, considering the available space. Neverthe- 
less, these airplanes have often been used for the emer gency transporta- 
tion of numerous passengers and should, therefore, provide sufficient air 
supply for the maximum possible number of persons they may carry. 
Accordingly, their air supply should be calculated on the basis of 15 
to 20 complete air changes per hour. 

Another difference between the military transport and the long- 
range bomber lies in the fact that the former usually flies at medium 
altitudes while the latter, in many cases, has service ceilings requiring 
oxygen equipment or, possibly, even su percharging. The selection of 
the air supply at high altitudes again hinges on various considerations 
such as the requirements of the heating system, problems, of fuselage 
design, control of guns in exposed parts of the plane, ete. 

Quite generally, it will be found that the oxygen equipment for a 
large plane will not weigh much less, possibly even more, than super- 
charging equipment. And portable or central oxygen supply or a 
combination of both does not provide the freedom of action and 
equalized pressure control for the body as the supercharged plane does. 
Finally, the pressurized plane permits much ae ascents and 
descents without causing discomfort so that it is preferable even at 
service ceilings where, normally, oxygen supply would sullice. 

The final decision as to whether superchat ging should be selected in 
lieu of oxygen, depends again on the time and facilities available to 
build war planes of this type in any appreciable quantities. Although 
several supercharged commercial models had been built bef ore the 
war which can be modified readily for military purposes, such planes 
are the exception rather than the rule; oxygen equipment is still the 
most common solution for the time being. As in cabin- ‘type planes, the 
oxygen supply system should be of the central and low-pressure type, 
with individual units for use in emergencies. 


3.2 NONMILITARY. Compartment type planes for nonmilitary purposes 
are almost exclusively commercial transports, that is, cargo or passen- 
ger planes. The latter should, under all circumstances, be provided 
with central air supply coupled with the heating installation. Auxiliary 
ventilation should be effected by means of an se te fresh-air 
supply system as previously described. Foul-air spills are necessary 
for good circulation but must be well located and controlled, One or 
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two common spills are preferable to banks of spills although the duct- 
ing is somewhat more involved. 

Overhead systems are usually more efficient than foorboard or 
sidewall ducting. Their installation offers little difficulty on commercial 
planes, and their numerous advantages have been analyzed before. 
Diffusers should be selected as air inlets for the cabin itself: while 
urilles or louvres are often more desirable in washrooms and galleys 
as well as in other areas where the head room is insufficient for the 
installation of diffusers. Grilles are also the most desirable form of 
outlets for used air.t 

As recommended before, it is quite helpful to draw the expected 
flow of aiy into a perspective view of the cabin to make sure that the 
air distribution is in accordance with all requirements. This is par- 
ticularly important in supplying air and heat to Pullman-type sections 
because inlets or outlets, which may be well located for passengers 
while they are seated during the day, may be utterly inadequate, if 
they have to serve passengers lying in a lower and upper berth. 

Cargo planes do not require the intricate air supply system neces- 
sary for an airliner. However, the cargo to be carried may often depend 
on ventilation to prevent it from spoiling For this reason, cargo spaces 
must have suitable means for ample circulation of both air and heat. 
Grilles and louvres, properly spaced, will usually serve this purpose 
very well. Adequate ventilation must always be provided for the flight 
deck and crew quar ters, on cargo as well as passenger planes. 

Supercharging is the ideal means for air supply en commercial 
planes of the compartment type, even at relatively low altitudes. It 
should be considered for all transports exceeding 8000 feet in regular 
flights.2* On very large and cargo planes it is ceonenies to super- 
charge only that portion of the bane which is normally occupied. In 
this case, it is advisable to provide decompression chambers to permit 
occasional access to un-supercharged parts of the plane without danger. 


4.) VenriLATion on THE Grounp 


Forced ieee on the ground serves usually to permit either 
cooling or heating of the c abin during stop-overs. While the former is 
mainly a ei feature, the latter may be so essential as to require 
its use on military aireraft, 

Complete ground air conditioning is almost entirely reserved for 
sone! ina planes, and is accomplished by means of elaborate 
ground equipment in which the ventilating air can be readily heated 
or cooled, and even de-humidified. Flying boats, however, cannot 
always make use of such facilities and should: if necessary, be provided 
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with an integral ventilating blower for ground operation. Attempts to 
idle one of the engines and utilize the tip pean have not been very 
successful. Idling of one engine may, however, be used to drive the 
blower. This method is often employed, if the ies ating system depends 
on the operation of an engine (Fig. 36). 

Forced ground ventilation by itself for military planes is very un- 
common, Opening of the portholes, windshields and hatches must 
suffice, if lengthy stays are necessary. Where forced air supply on the 


ground is specified for military aircraft, it is invariably part of the 
heating system. In this case, the supplied air is merely a carrier and 
distributor of heat to such parts of the plane or equipment which 
require pre-heating before take off and, during emergency stop-overs in 
cold weather, the means to keep the crew and their quarters properly 


heated. 
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XII 
REQUIREMENTS OF HEAT SUPPLY 


1.0 Inrropucrion 


The requirements of air supply should be treated independently of 
heat supply although, in many applications, these two features are 
closely interconnected. The need for individual treatment becomes 
even more obvious in analyzing the complex requirements of heat 
supply on a modern airplane. 

Inasmuch as cabin heating was looked upon as a luxury rather than 
an essential comfort it was, Taaith a few exceptions, reserved for com- 
mercial airliners and, quite frequently, for the passengers alone. As 
far as military aircraft were concerned, it was not considered i important 
until the war in Europe broke out. When British pilots, who were 
forced to fly at temperatures much below those ever encountered in 

flight before, suffered extremely from the cold, heat supply suddenly 
became a problem of the utmost prominence. Heavy flight gear, apart 
from handicapping fliers and impeding use of hands and feet, proved 
to be insufficient to prevent serious and, occasionally, fatal injuries 
even under average conditions, so that installation of suitable heating 
plants remained the only solution. 

Once the designers were resigned to the need for heat on military 
airplanes, they quickly realized that it could be used profitably for an 
ever-increasing number of other applications. Heat supply was found 
not only to improve the operation of many accessories but even to 
prevent their failure at extremely low temperatures, Anti-icing and 
anti-frosting by means of heat proved to be the most efficient miehods 
of overcoming the effects of icing and frosting. Ground heating per- 
mitted more rapid takeoffs and the immediate use of combat equip- 
ment. Thus, the tasks of heating were multiplied many times, and this 
within such a brief period that the development of adequate heating 
equipment could hardly keep pace with the increase in heating re- 
quirements. 

Strictly speaking, the comfortization engineer is concerned merely 
with heat supply for flight crews and passengers. However, the prob- 
lem of aircraft heating is such that it makes but little difference 
whether the heated object i is a human being or a gun breech; the com- 
fortization engineer is expected to plan and design the entire heating 
installation, paibut regard for its end use. 

Consequently, the requirements of heat supply on an airplane com- 
prise one or more of the following: (1) Heating of F light Crews; (2) 
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Heating of Passengers; (3) Heating of Accessories, (4) Heating of Mis- 
cellaneous Equipment; (5) Anti-Icing; (6) Anti-Frosting; (7) Ground 
Heating. 

Before discussing the methods of calculating and meeting these re- 
quirements, it is advisable to study their scope ‘briefly. 


9.0 Heatine or Fuicur Crews 


In an excellent article on the problems of high altitude flight,‘ the 
Fortune Magazine quotes lee H. G. Armstrong, a leading aero- 
. studies of lose of pilot efficiency 
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medical authority, as stating that “ 
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at lowered temperatures show that around freezing, when winter suits 
and heavy flying gloves must first be worn, efficiency drops 20%, while 
at —40° Fahrenheit, pilot efliciency may go down to 13% of normal. 
At this painfully low temperature the pilot is subject to deep mental 
depression and shows indifference to his mission and even to life 
itself.” 

The full significance of this statement is emphasized by the curve 
shown in Fig. 87 and, for military flight crews, even more dramatically 
in Fig. 88. As can be seen, temperatures drop almost proportionally 
with increase in altitude up to about 40,000 feet. At this height summer 
and winter temperatures not only become alike but remain constant 
at —67°, notwithstanding further increase in altitude. (All references 
to temperatures are in degrees Fahrenheit.) 
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These temperatures are merely averages. In reality, much lower 
temperatures have been measured at lower altitudes, and British fliers 
have reported temperatures much below -- 100°. Obviously, a consid- 
erable amount of heat is necessary to permit existence of human beings 
under these conditions, no matter how well they may be protected 
by clothing or heatproofing of the cabin. 

OF course, not all planes are built or expected to operate at such 
extremes and in figuring heating requirements it would be impractical 


Fig. 38 


to base all calculations on the lowest possible ambient temperature 
which might conceivably be encountered in a few extreme cases. The 
data recommended in the table below have been compiled from the 
available, empirical information and should serve as a general guide 
for “Design outside, ambient temperature” (D,O.A.T.). 

The difficult task of achieving tolerable inside temperatures at these 
extremes is very much aggravated on militar Y aircraft for.a number of 
reasons: Planes of this type are often not at all and usually not as well 
heat-insulated as non-military craft. Numerous openings for the dis- 
position of mi litary equipment permit large infiltration of cold air. 
Heating plants must be more compact and lighter, and reasonably 
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protected against damage during combat. Flying must be undertaken 
in any and all weather and entails operation of the plane in constantly 
changing climates. 

On the other hand, military f light crews do not require the close 
temperature control which is an important comfort feature on non- 
military planes, nor is it necessary to raise the temperatures beyond 
the level at which the average, healthy flier can perform his duties 
efficiently. In addition, military flight crews should wear a certain 
amount of protective clothing if only such portions of a large cabin 
are heated as are normally occupied. When passing through unheated 
sections of the plane or stationed near cold areas such as gun blisters 
a flier would be needlessly exposed, if the efficiency of the heating plant 
induced his superiors to discard even light, but warming flight gear 
This is of particular importance because military flight crews might he 
compelled to bail out, at any time, with very low temperatures prevail- 
ing. 

The design inside temperature (D.1.T.) for the cabins of military 
airplanes, with the exception of transports, need not be more than 60° 
and may vary plus or minus 5°, [f spot heating is employed, normally 
unoccupied spaces within the fuselage should not be permitted to cool 
to less than about 50°, also with an allowable variation of plus or 
minus 5°, 

Temperatures lower than the above have been suggested repeatedly 
and used. However, extreme chilling of unoccupied areas makes the 
heating of the occupied ones that much more difficult, and temperatures 
much below 60° for persons remaining at their stations for hours at a 
time are not compatible with the most elementary standards of com- 
fort. 

Military transports should be treated like commercial transports be- 
cause they may be used for the moving of wounded, sick or otherwise 
weakened passengers. 

Cockpit-type planes should be so heated as to keep the tempera- 
ture within the cockpit at 60° plus or minus 5°, when the hood is tightly 


(1014 


DB WINTER SUMMER RH. 
oF OPTIMUM OPTIMUM So 
B82 30 


81 a = 35 
40 
a ie 48 
ce aes eae 38 
ea a 60 
ne ea a 
n+ tg 
/| 
ttf 
TZ 
AY 
70 4 La 
(ALA 
7a 
oA 
ae a Oa 


64 65 66 67 68 69 70 71 72 as 
EFFECTIVE TEMPERATURE IN STILL AIR (°F 


Fig. 89 


closed. If the hood is open, the heat supply must suffice to keep feet 
and hands of pilot and gunner reasonably warm without the aid of 
heavy boots or gloves. seu pacathe 
Heating requirements for flight decks and crew quarters o eon 
mercial airliners should be the same as for the passenger compartments. 


3.0 HEATING OF PASSENGERS 

A.S.ILV.E. standards for adequate ventilation of enclosed fence 
require that “the effective temperature shall range between ae oe cee 
when heating or humidification is required, and between 69 and : 
when cooling or de-humidification is required. The relative humidity 


[ 102 ] 


Ke 


shall not be less than 30% nor more than 60% in any case.” These stand- 
ards are illustrated in the curve shown in Fig. 39. 

In order to provide the same comfort as exists in well air-conditioned 
spaces on the ground it would, therefore, be necessary to provide both 
humidity control and cooling in airplane cabins; but humidity control 
must be left for the airliners of the post-war period. Cooling of cabins 
in flight can, at present, be accomplished only by supplying cold air 
from the outside. 

Under ordinary circumstances, the lack of cooling and humidity con- 
trol will not be felt as severe discomfort. Still, it is necessary to con- 
sider these factors in the design of the heating system. As was shown, 
it is very desirable from a ventilating point of view to have as much as 
one complete air change per minute in the cabin. However, the intro- 
duction of that much cold air places a tremendous burden on the heat- 
ing plant. For instance, the United Air Lines Mainliners, which em- 
ploy this rate of circulation, require 160,000 btu/hr to obtain a tem- 
perature of 75° in the cabin, at an outside temperature of 0° and 
8000 feet.? Furthermore, too much air flow will result in excessive dry- 
ness. 

Too little air flow, apart from being undesirable for ventilation pur- 
poses, will result not only in ‘stratification but also in high inlet tem- 
peratures. A further consideration is that of the low heat-storage 
capacity of the average cabin wall. 

As A. E. Smith points out,* the outside temperatures may vary as 
much as 100° in two or three hours and even more than 10° per 
minute while, on the ground, they rarely change more than a few 


- degrees per hour. According to Smith, the heat-storage capacity of the 


normal cabin structure (noninsulated) is only 0.22 btu/°F for every 
square foot. Consequently, changes of outside temperatures are almost 
immediately felt by the passengers. Since the outside wall is usually 
within 3° of the surrounding air, the trim surface temperature may be 
more than 15° below the cabin temperature and that of window 
areas even 30° to 40° below. 

Smith then emphasizes that, normally, only a small percentage of 
the body heat is removed by convection while about 60% of it is lost 
by radiation to surrounding walls, floors, ceiling and furniture. Con- 
sidering the low heat-storage capacity of the airplane structure, and 


_ the rapid and large chan ges in ambient temperature, very good circula- 


tion is required to balance the radiation and convection loads. 

To decrease the burden on the heating plant it would seem ad- 
visable to resort to some degree of recirculation. This method, however, 
cannot be recommended, save for exceptional cases, as there are no 
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effective means to remove smoke, body and other objectionable odors 
from the recirculated air. 

Under these conditions, there remains only the installation of a 
heating plant large enough to provide the required amount of heat 
to the ventilating air so as to assure satisfactory circulation at all times. 
Proper distribution of heat supply and good heatproofing will greatly 
reduce the over-all heat losses and heating load. 

Since passengers are normally at rest and clothed as they would be 
in a heated room on the ground, temperatures should be as close to 
70° as possible. On sleepers, the temperature should average 68° 
during the night. 

Large temperature variations are not desirable. On the other hand, 
the limited rate of circulation and the conditions discussed above would 
make it extremely difficult to establish very close limits for temperature 

variations throughout the cabin. T herefore, a variation of plus or 
minus 8° appears to be an acceptable compromise. 

Requirements for military transports may be somewhat relaxed, and 
an average temperature of 67°, with a variation of plus or minus 8° 
is not unreasonable. Transports for carrying paratroops and other 
passengers accustomed to air travel can even go below this figure, and 
allow for average temperatures of 65° with variations of plus or minus 
D7, 

Military utility planes, such as ambulances, laboratory and planes 
used for evacuation and similar purposes should always be considered 
as having heating requirements similar to those of commercial trans- 
ports. 


4.0 Heatinc or ACCESSORIES ; 

While adequate heating is needed for the physical comfort of flight 
crews and passengers, heating of accessories has become of even 
greater importance for the efficient operation of the airplane itself. 

This applies to both the flight as well as “purpose” accessories, par- 
ticularly those on military aircraft. Among the flight accessories, re- 
quiring heat supply, are, for instance, the gyro instruments and the 
storage batteries whose efficiency is greatly reduced at low tempera- 
tures as shown in Fig, 40. 

Among military accessories which must be kept above certain tem- 
peratures in order to perform efficiently are gun breeches and gun- 
turret mechanisms as well as the bomb sights which require heating 
to prevent condensation on the lenses. This is equally true for photo- 
graphic equipment. Proper heating of the latter is not simple because 
the temperatures must be very uniform throughout and well controlled. 
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If the frequently-used infra-red film is subjected to too much heat, 
“fogging” and dark spots may result. Even the ammunition magazines 
should be heated, because moisture tends to condense on fen and 
freeze, preventing injection of the shells into the breech and, possibly, 
resulting in explosions within the barrel. - : 

Rapid changes from and to great heights are mainly responsible for 
failure of unheated accessories. Therefore, every device and instrument 
must be tested in the cold chamber on the ground, and its operation 
must be observed at various and fast-changing temperatures. Only 
such a procedure yields the data on which the correct amount and 
method of heat supply can be based. 

Tn many cases these data are readily available, often they are speci- 
fied. For obvious reasons these figures are confidential. Generally, 
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however, a temperature of about 40° will be found to be the minimum 
at which most equipment will still perform in accordance with 
ee 

If cooling is required, circulation of air is almost invariably the 
most practical method. 


5.0 Heatinc or MISCELLANEOUS FouIPMENT 


In addition to the standard accessories there are other applications 
for the supply of heat, for instance, on galleys. Facilities for preparing 

varm meals or for keeping food warm are of considerable importance, 

The heat supply required for these purposes may vary from small 
amounts for boiling coffee to enough to permit the preparation of 
several complete, warm meals at a time. 

Another military application is. occasional need to heat rather large 
quantities of water, Warm water is also required on commercial planes, 
not only for the preparation of food but also for lavatory purposes. 

Considerable ingenuity may have to be expended to design a suitable 
heating iictatlavion and distribution system for cargo planes. Ordi- 
narily, ¢ “a 20 spaces should be heated evenly to a temperature of not 
less than 50°, with a variation of plus or minus 5°, Similar temperatures 
should be provided for separate cargo spaces of both commercial and 
military transports. 

There may be other special devices or apparatus such as surgical 
or laboratory apparatus which are not exactly component parts of the 
airplane but which require heating for proper operation. To assure 
optimum performance, it should be a rule always to examine them 
not only for meeting the specifications for the particular functions 
which they have to fulfill but also their operation at low temperatures. 
It would be unwise to reject equipment of this type merely because 
it fails at low temperatures, although it may be very suitable in any 
other respect. The scope of heat supply y has grown to such an extent 
that proper means for heating can be found for almost any purpose 
and application. 


6.0 Anti-lcmcG 


The accumulation of ice on the wings of an airplane, particularly, 
along the leading edges, has long been recognized as one of the most 
serious hazards in flying. C. S. Stebbins? summarizes the reasons for 
icing by stating that ih phenomenon is caused by the presence in 
the atmosphere of tiny water droplets which range in size from 0.01 
mm to more than 2 mm in diameter, at temperatures far below the 
freezing point of water, which turn instantly to ice upon contact with 
the wing of a plane. 
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Ice may also form from saturated or super-saturated air masses. Ice 
forming conditions have been observed in a temperature range from 
plus 54° to 44° below. Icing may occasionally occur at rather high 
temperatures. A. N, Troshkin of the C.A.B. Safety Bureau? warns to 
be “ice conscious” at 70° and below. 

In seme weather conditions the normal operation of an airplane may 
be affected in less than 5 minutes. In addition to forming on the leading 
edges of wings and control surfaces, ice necurnulares also on the 
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propeller, often with disastrous results, as flinging ice may deform 
the blade profile and cause unbalance. 

According to a widely publicized report, the British lost their high- 
est percentage of bombers during a raid over Germany because they 
encountered unexpected icing conditions although the entire flight 
had been carefully planned. 

Research in the removal of prevention of ice accretion is over twenty 
years old and was particularly encouraged by the airlines which recog- 
nized icing as the greatest obstacle in their endeavor to make com- 
mercial flying safe. Dr. W. C. Greer, former research director of the 
B.S. Goodrich Company, tried to apply a paint with rubber base to the 
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wings to prevent ice from adhering. Finally, he devel oped ‘the first 
medel of what is known today as the ‘ ‘rubber boot de-icer.” This prin- 

ciple is still the most popular method of ice removal, and a great 
number of improvements have been made in the meantime. 

In spite of these improvements, the method of forcibly removing 
existing ice formations~commonly termed “de-icing”~is not always 
satisfactory. It requires a rather complex mechanism. If any one of its 
many parts fail, the entire systera may be inoperative. Big pieces of 
the cracked-off ice may be thrown against other parts and damage 
them. Under certain circumstances, de-icing may be even more dan- 
gerous than icing itself by deforming the airfoil, 

Dr. Alexander Klemin, a foremost authority on aerodynamics, has 
used an ingenious method to make visible the flow of air past flat 
plates and airfoils of various shapes and at different angles.® His pat- 
terns show convincingly the importance of preserving the shape of the 
leading edye as well as that of the areas adjacent to it. Accord- 
ingly, if a condition arises as described above, the following may 
take place: 

Referring to the sketches in Fig. 41, sketch A represents the cross- 
section of an airfoil provided with rubber boot de-icers upon which 
ice has accumulated. Sketch B shows the same me section after the 
de-icer has gone into action. Note that only the layers on top of the 
de-icer have Lye en removed while the ice sheet on the upper surface of 
the wing, due to exceptional adhesion, has not been blown off. Sketch 

C illustrate *s what will happen to this sheet after a few more minutes. 
The wind has rounded off its leading edge and additional ice has 
formed on it, resulting in a contour approximately ‘ly as shown. 

Therefore, the air w ‘il flow over the thus distorted airfoil as indicated 
in sketch D, and the wing stalls. Inasmuch as most of the lift is con- 
tributed by the upper Sukde of the wing, its deformation and loss of 
lifting power will cause the plane to ee 

De Greer considered heating of the leading edges of the wing to 
thus prevent the formation of ice altogethe Such a method is cd illed 
“anti-ieing.” Little was acconyplished in this direction because the heat 
quantities required were so large that none of the then existing primi- 
tive heating plants could furnish them. 


However, the Germans have used anti-icing for quite some time. It is 
reported? that such an installation was found in a eaptured Dornier 
DO 217E heavy bomber. Hot air was piped through the wings, and 
provisions were made for hot air sprays against the windshield and 
each of the windows in the nose. No anti-icing was provided for the 
control surfaces. The propeller was de-iced the same as on American 
aircraft today: by means of slinger rings and anti-icing x fluid. 
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Mainly due to the untiring efforts of the N.A.C.A., anti-icing is find- 
ing growing support in this country and will, undoubtedly, increase — 
during the next few years. 

The main disadvantages of de-icing are eliminated in anti-icing and 
impaired operation or failure of the aircraft, even under the severest 
icing conditions is prevented. If the heating plant should, for some 
reason, not suffice for complete prevention of | icing, conditions improve 
as the ice layer increases since it acts as a heat insulator and permits 
the wing structure to increase its te mperature. Thus, even an an 
cient amount of heat will, finally, melt the ice. 

For military aircraft which has to fly in all types of weather and 
cannot readily avoid icing conditions as can the non-military craft, 
anti-icnng becomes one of the most important and valuable aids in 
flying. The main obstacle to making anti-icing installations universal 
are the vast heat quantities required { for this purpose. However, there 
are a number of heating systems available or being developed which 
will easily supply the required heat. These systems will be discussed 
ina subsequent chapter. 

Anti-icing of the propeller is effected by means of slinger rings near 
the hub which exude an anti-icing fluid. The centr ifugi al force then 
spreads the fluid along the blade. Although this method is quite suc- 
cessful, there is little doubt that, ultimately, heating will be employed 


_ for this purpose, too. The use of an anti- -icing uid entails several prob- 


lems and is not quite as efficient and simple as heating of the blades. 
7.0 Anri-FRosrinc 


Often considered as part of the anti-icing scheme of the heating sys- 
tem, the removal of frost and fog from transparent surfaces is actually a 
problem in itself. The formation of ice or condensate on the windshield, 
portholes, or the lenses of gun and bomb sights, photographic and 
similar equipment is dreaded by military fliers not less than icing. Al- 
though it is by no means desirable, a commercial plane can always 
chang ge its course and altitude, make an emergency landing, or postpone 
a flight altogether to avoid unsafe weather, 

The military plane must operate under any and all conditions and, 
it is necessary to provide effective de-fogging and de-frosting equip- 
ment. The already quoted C. S. Stebbins, for example, mentions a 
report by an R. A. F. pilot who stated that, at an outside temperature 
of 75°, crystalline frost formed on the windows which was 8/4” 
thick. The windshield had to be kept open entirely in order to permit 
vision. The danger of such a situation, particularly during combat and 
missions over enemy territory, is quite obvious. 

In experimenting with numerous systems and methods it has been 
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found that flush windshields assist in decreasing the formation of ice. 
Deflectors on the outside of the glass have given fair results, but they 
do not seem to be satisfactory at high airspeeds, Other means which 
have been tried were freezing-point depressants, windshield wipers, 
inflatable and transparent elements, jets emitting air at high velocity 
and many more." 

While none of these methods has been of much use, it appeared 
that heating can effectively prevent not only frosting but also fogging 
of windshields and other transparent surfaces. It has been shown that 
circulation of air at a temperature of about 165° will keep these sur- 
faces clear on both sides under most circumstances. Since this method 
is one of prevention rather than removal, it should be termed “anti- 
frosting” as a parallel, in every respect, to anti-icing. 

Electric heat applied directly or by radiation has not proven very 
feasible, which is explained by the following consideration: The dew 
point corresponding to air of 70° temperature and 30% relative humidity 
is 86° which is lower than the temperature of the average window sur- 
face, if good circulation is provided. However, if the temperature of 
the dew point rises or the air circulation should become insufficient, 
condensation will result on all cold areas and, before all, on the trans- 
parent surfaces. 

For this reason it is necessary not only to heat these surfaces but 
also to provide a sufficient amount of circulation. Since this requires 
the flow of heated air, anti-frosting can very well be made part of the 
cabin heating system. 

There are two ways of supplying both heat and circulation to a 
windshield or porthole. The first method consists of a flexible duct 
which is branched off from the main hot-air duct and mounted per- 
pendicularly to the surface to be heated. Thus, a blast of hot air is 
directed toward it which, if adequate, will prevent the formation of 
condensation on the inside and frost on the outside. 

Devices of this type are quite common since they are simple to 
install and require but little added weight. On the other hand, they 
must furnish a considerable amount of hot air in order to be effective. 
As the air stream is deflected back into the cabin, the heat contained 
in it is usually not lost. However, if such a scheme is used for the 
anti-frosting of a windshield, the reflected hot air blast may cause 
very much discomfort to the pilot and co-pilot. 

For this reason, the so-called double-pane construction, as originally 
proposed by the NACA, holds very great promise. Such a construction 
has been developed by United Air Lines and is employed successfully 
on the windshields of their Mainliners. These windshields consist of 
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an outer pane of solid plate glass, 4” thick, and an inner pane of %” 


laminated safety glass. The panes are separated by a 4” air space 
through which about 60 cfm of air at a temperature of 175° are 
circulated.®™ 

After many tests and changes, the present installation has proven to 
be very. satisfactory. In addition to its usefulness in anti-frosting, it is 
an excellent heat and sound insulator as well as good protection 
against bird-strikes. Its main disadvantage is somewhat inferior optical 
quality, particularly on account of multiple reflection of lights in the 
flight-deck. As reported by R. L. McBrien of the United Air Lines 


staff," pilots also complained about being bothered by the strain lines 


in the tempered glass which became very marked with the use of 
polaroid goggles. 

There is no doubt that further developments will eliminate these 
disadvantages. However, such a construction for the windows in the 
cabin is still impractical on account of the large weight which it 
entails, Experiments with plastics have shown that the presently avail- 
able materials are not yet quite suitable for this purpose, but diligent 
research is continued in this direction. 


§.0 Grounp Heatinc 


The tasks of ground heating aircraft can be divided into two distinct 
functions, namely heating of personnel and preheating of engines and 
accessories. 

The actual need for ground heating should be very carefully in- 
vestigated. If it is absolutely essential, only such combinations must 
be selected as avoid separate equipment for flight and ground heating. 
In planes where the latter is needed only in exceptional cases, it will 
often be found that idling of one engine for operation of an engine- 
operated heating system is a satisfactory solution. 

Whether and when an airplane heating system should be operative 
on the ground depends on the conditions in each case. Land planes for 
commercial transport usually do not require such a system; they can 
be served by the portable ground heating equipment which is available 
at practically all airports. Nor is preheating of equipment required for 
these planes since they are kept in well heated hangars when grounded 
for any length of time. Similar considerations apply to other non- 
military planes which are rarely exposed to severe cold on the ground 
long enough to make a ground-heating installation feasible. 

Conditions for military planes are entirely different. These planes 
may have to stand on emergency landing fields over night or even for 
several days without hangar facilities or other protection from extreme 


[lll] 


cold, On the other hand, quick take-offs after lengthy exposure to low 
temperatures may be vital. This can be best accomplished by the 
ground heating of engines and other accessories. 

The time required to warm up an engine may be of the greatest 
disadvantage in the execution of military duties, and after a brief 
warm-up time an engine is liable to fail during or shortly after take- 
off. Thus, proper means for preheating the engine not only permit 
‘De edier take- offs but also decrease the danger of early engine failure. 

The Germans haye accomplished take-offs with stone-cold engines 
by using a mixture of ether and gasoline for priming which is carried 
in a supplementary tank. A me tank is filled with a fuel mixed 
with a small percentage of oil to be used during take-off and climbing. 
No switch is made to the regular gasoline until normal conditions for 
flight and operating temperatures fae oil and coolant are reached. Such 
an. installation has been found, for example, in the Mercedes-Benz 
DB-GOLA aircraft engine as reported by Raymond W. Young.° Whether 
such a method is preferable to preheating and conducive to good en- 
wine performance and life is doubtful. However, quick take- offs are 
ustially of more importance for the military plane than a few more 
hours of engine life. 

American engines are often preheated by portable ground heaters 
or by placing a tent over the nacelles and hes iting the insides of these 
tents with a small stov e, fueled either by gasoline, oil or a petroleum 
gas. Electrically heated blankets are sometimes used for the same 
purpose. None of these methods are very ee since they entail 
service and equipment available only at regular bases. Fort this reason, 


ground heating equipment should alw ay : be investigated for its adapt- 


ability to engine preheating, thus greatly adding to its usefulness. 

The ground preheating of certain ae and equipment is 
often even more important than preheating of engines. For instance, 
a heavy-calibre cannon in a plane which has been exposed to ee 
temperatures through standing on an unprotected field for many 
hours will not function properly for some time after the starting of the 
heat supply, since its large mass of cold iron requires much heating 
hefore the breech mec ee is warmed up sufficiently. However, if 
the cannon has been kept at a reasonable temperature while on the 
ground, it will operate Tinedlately after take-off, which often may 
spell the difference between life and death. Among the equipment re- 
quiring ground heating are also the gyro instruments and most of 
the engine accessory section. 

In general, ground preheating is urged for such accessories which, 
iinless suitably heated, may not only jeopardize the success of military 
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maneuvers but also suffer damage beyond xepair, even keep the plane 
grounded. Furthermore, anti-icing and anti-frosting should continue 
on the ground, whenever necessary and feasible, ies valuable time be 
lost before take-offs. The accumulation of ice and snow on wings 
may be so severe that take-offs are delayed, if not made impossible for 
considerable periods of time. By the same token, anti-frosting will 
permit use of optical instruments and vision through windshields and 
portholes immediately after the take-off. 

Frequently, stopovers of some duration are necessary, during which 
the flight crew or passengers may have to remain inside the plane 
and, possibly, even use it as living quarters. In such cases adequate 
heat supply for cabin heating on the ground is highly desirable and 
should be provided, if at all possible. 

Specifications for ground heating vary greatly and often are subject 
to personal opinion. Although ground heating and preheating are very 
helpful and often mandatory, the numerous limitations P laced upon 
the military airplane do not always permit installations for this pur- 
pose. Since no external sources for power or air supply can be depended 
upon, integral blowers and, in some cases, power-generating equip- 
ment must be employed. 

Therefore, ground-heating: equipment is not usually favored for 
fighters, interceptors and similar cockpit planes a though they require 
it as much and, frequently, even more ae the larger planes. This 
becomes evident when it is realized that fighters may ee e to take off 
and be fully operative at a moment's notice. 

Many cockpit-type planes employ heating systems dependent on 
engine operation. In this case it is nece ssary to ke ep the engine running 
on the ground so that the heater may function. While aiund operation 
of such heaters could be limited to the engine warm-up period, there 
still is need for a blower to supply the necessary air. For these reasons 
ground heating should be specified for cockpit-type planes only where 
its lack would decidedly interfere with military purposes. 

In the larger planes of the cabin and compartment types installation 
of ground-heating systems is easier. In spite of that, it must be care- 
fully ascertained whether the advantages of such equipment out- 
weigh the disadvantages. 

Heating requirements on the ground are usually very much smaller 
than those in the air. Because the plane is standing still and the maxi- 
mum air speed is only that of prevailing ground winds, heat losses are 
decreased. Unless the crew or other occupants have to stay within 
the plane, cabin temperatures may be far below those requi ired during 
regular occupancy and raised only shortly before take-off. The mini- 
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mum design ambient, outside temperature can also be higher on the 
ground but should not be above 60°. 

Accessories should be kept at temperatures somewhat above freez- 
ing, preferably around 40°, Engines which do not use a dilution system 

should not be allowed to cool helow S 2°, If a dilution system is used, 
the engine auxiliaries such as starters, carburetors, oil pumps and 
batteries should be kept between zero and 40°. Wings and control 
surfaces should be heated to about 40°, if necessary, in order to pre- 
vent the accumulation of ice and snow, Heat supply to transparent 
surfaces must remain high enough to avoid condensation and frosting. 

In specifying ground heating it is important to compare the re- 
quirements for he iting on the ground with those made for flight so as 
to facilitate the use of the same equipment for both purposes. Un- 
fortunately, it is not always realized that considerable latitude must 
be given to the designer so as to avoid duplicate equipment. 

Similarly, specifications should not call for features which would 
unnecessarily complicate the installation. Heaters which can be re- 
moved on the ground so that they may be used for heating jobs outside 
of the plane should not be specified. Multi-purpose devices of this 
type are inefficient, heavy and complicated. 

Sometimes, ground heating is specified for 24 hours a day without 
the use of an outside power source. At the same time, it is stated that 
no drain on the batteries is permitted. In such a case, weight allow- 
ances must be made for carrying an independent source of power 
supply. Ordinarily, a small current drain should be permitted at least 
to operate the necessary electrical controls, as it would be unwise 
to add power-generating equipment for the supply of a few watts. 
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Specifications should, preferably, be limited to the mere statement 
that ground heating is desired and, at the most, to an enumeration of 
the devices which should be heated as well as their optimum operating 
temperatures. It should be left to the comfortization engineer to design 
and select his equipment in such a manner as to meet all requirements 
without in any way burdening the plane or its accessories beyond the 
absolute minimum. 

No provisions for cooling are necessary on military airplanes, Cir- 
culation of fresh air by opening windows and hatches must be suffi- 
cient. Cooling as a feature of complete air conditioning is effected for 
commercial airliners by equipment described, in detail, by Fred 
Erbach.” Instead of chemicals, regular ice is employed in United 
Airlines’ “comfortizer” for air conditioning their Mainliners on the 
ground (Fig. 42). 800 pounds of ice in the truck last 12 hours and 
deliver six tons of cooling, according to United’s engineers. 

Such a method is possible only as part of the extensive customer 
service rendered by the commercial airlines, and is neither feasible nor 
necessary for military purposes. 
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ADT 
CALCULATION OF HEAT REQUIREMENTS 


1.0 Inrropucrion 


The calculations of heat requirements for an airplane are only ap- 
proximations since they are based largely on assumptions and empirical 
data. This is not surprising as the transfer and loss of heat takes place 
at temperatures, densities, humidities, and air speeds never before 
experienced. 

These conditions apply primarily to the modern, military airplane 
and are aggravated by the fact that military considerations result in 
fuselage constructions which make the control of infiltration and heat 
preservation quite difficult. 

In spite of that, sufficient data have been collected during the past 
few years to permit comparison with calculated values so that the 
simplified methods for calculation as shown in the following should be 


. conclusive enough for selection of adequate heater capacities. (For 


the sake of simplicity, heat quantities will be frequently expressed in 
terms of stu~standard thermal unit—which equals one thousand 


btu/hr.) 


2.0 Hear REQUIREMENTS FOR COCKPITS 


It is neither feasible nor possible to heat the air space within a 
cockpit uniformly, unless it is very well sealed and insulated. In this 
case it becomes a small cabin and must be treated as such. 

The most practical method of heating a cockpit is by providing a 
spot heater which emits a blast of warm air towards the lower ex- 
tremities of the pilot, with an additional and separate installation for 
a second cockpit. If the hood is open, there is a strong draft blowing 
from the lower forward to the upper aft portion of the cockpit, and 
the heater must be so located that the emitted air stream is aided 
rather than opposed by the motion of the draft. This will assist in 
bringing warm air to the hands, face and neck of the flier. 

The warm air inlet which, in spot heaters, is often located in the 


heater housing, should not be too close to the body of the occupant ° 


as the necessarily high inlet temperatures would cause considerable 
discomfort. If the inlet is too far away, little or no benefit is derived 
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from the heater. Notwithstanding structural limitations and obstrué- 
tions such as the control column, cables and the like, the inlet should 
be not Jess than 8 nor more than 5 feet from the legs of the occupant. 
The inlet temperatures are preferably between 150° and 170°. These 
temperatures may seem high, but cooling and dissipation of the air 
stream is so rapid that lower temperatures are not desiral gle, 
Experience has shown that from 10 to 20 stu of heat are required 
per person or cockpit. The choice of the lower or higher values de- 
pends on the speed and ceiling of the plane, its operating conditions 
and the design outside, aabieut temperature (D.O.A.T.). If the desired 
heat quantity and temperature differential have been selected, the 
necessary air How can be calculated from the following formula: 


Hi = 60c¢ gd (ls ~ 2) () 


where H = Heat required, in btu/hr; 
c = Average specific heat of air, in btu/Ib/°F; 
g = Quantity of air supplied, in cm; 
d = Average density of air, in Ib/cu ft; 
t, = Cockpit inlet temperature, in °F; 
,== D.O.A.T., in OF, 

It shall be assumed that a heater capacity of 10 stu and a D.O.A.T. of * 
—60° have been selected. The average specific heat of air is 0.24 
although it changes _ somewhat with temperature. The average air | 
density at sea level is 0. 075 Ib/ew ft. Then, for an inlet temperature of 
150°: 

10,000 =60 X 0.24 X g X 0.075 X (150 + 60) 
and: 
g = 44.1 cfm 


Accordingly, this amount of air must be provided at sea level to raise 
a minimum outside temperature of —60°F to 150° after addition of 


_ 10 stu. It so happens that this is only a little over the amount specified 


for the average ventilating needs per person. While this is a very 
acceptable value, the temperature at sea level will be mostly higher 
than —60°. Assuming that it is 0° and all other factors are kept con- 
stant, the inlet temperature would be raised to 210° which, of course, 
is far too high. In order to avoid this, it is necessary either to increase 
the air flow, or to provide the heater with a modulating control which 
permits the decrease of its output. Offhand, the latter seems to be 
the simpler solution. 

As the plane ascends and the air density decreases, the temperature 
of the inlet air would again become too high, unless the air flow is in- 
creased to equal the mass flow at sea level, or the output of the heater 
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is decreased. Obviously, the latter is undesirable since normally more 
heat is needed at altitude than on the ground. For these reasons, 
provisions must be made both to increase the air volume with increas- 
ing altitude—preferably by means of an automatic damper—and to 


decrease the output of the heater for higher outside temperatures, | 


which should be done manually. The curve shown in Fig. 43 gives 
aS if 5 
the factor by which the air volume at sea level must be multiplied 
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to retain the same temperature differential at all altitudes. This factor 
is the ratio of d,, the density at sea level, to di, the density at altitude. 

The higher the rated capacity of the heater, the greater air quanti- 
ties must be furnished. Since air for this purpose is usually obtained 
through a scoop, such increases should be avoided because they result 
in greater outside drag and inside drafts. Control of air flow will 
relieve these conditions somewhat but not sufficiently to permit more 
favorable figures for heat output and inlet temperatures. As a rule, 
the designer should increase inlet temperatures to the allowable maxi- 
mum, rather than decrease the heater output below what he feels is 
required, 
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Another solution of the problem of cockpit heating is the provision 
of electrically heated flying suits which will be discussed later. 


3.0 Hear REQUIREMENTS FoR CABINS 

In calculating the h eat requirements for aircraft cabins it is neces- 
sary to make two assumptions which seldom, if ever, hold true. T he 
first assumption is that the cabin is very well sealed and insulated, 
and the other is that the worst possible conditions exist outside and 
there are no persons or devices inside of the cabin which contribute 
heat. 

The heat supply to the cabin must balance the heat losses minus 


‘ whatever heat may be furnished by other sources. Heat is generated 


and dissipated by such devices as lamps, motors and similar equip- 
ment. However, the quantities gained in this manner are so small that 
they can be disregarded, Considerably more heat is contributed by the 
metabolic rate of the occupants. As compiled by the A.S.H.V.E. Re- 
search Laboratory, the total heat dissipated by individual persons 
will range from 0.3 to about 0.6 stu, according to their activity. For 
persons on the ground and doing heavy manual labor the hourly heat 
generation may be as high as 5 stu. Taking an average of 0.5 stu for the 
occupants of an airplane, it can be readily seen that an occupancy of 
40 crew members and passengers will generate as much as 20 stu which 
represents a considerable amount of heat. 

As mentioned before, it is necessary to base all calculations on the 
worst possible conditions which, in this case, would mean that only a 
very small number of people is in the cabin and active in such a 
manner as to dissipate a negligible amount of heat. For this reason 
it can be assumed that no heat is contributed by any other sources 
and that the heating plant must furnish all requirements to balance 
the heat losses. 

Accordingly, the amount of heat which must be supplied by the 
heating system is determined by the ventilation requirements, the heat 
loss by transmission through the plane outline and the heat necessary 
to offset the infiltration through cracks around windows, doors, and 
other openings. Since it was assumed that infiltration of air’ is mini- 


‘mized by well-sealed doors and windows, and the creation of a 


positive pressure in the cabin, it shall be neglected too, for the time 
being. Thus, there are only two factors which have to be considered 
in the calculation of heat requirements, namely ventilation and. trans- 
mission. 


3.1. VENTILATION HEAT Losses. In order to determine the heat require- 
ments for ventilation purposes it is necessary first, to establish the 
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ventilation rate and, second, to calculate the cubical content of the 
cabin. Assuming that, in a specific example, it has been decided to 
change the air within the cabin 30 times per hour—that is one com- 
plete air change every two minutes—and that the cubical content of 
the cabin is 2500 ft, then 1250 cfm of fresh and cold air must be 
heated. : 

H,, the heat amount for ventilation, is then found by means of 
formula (1). The average specific heat of air can again be accepted 
as 0.24 btu/lb/°F. The desirable cabin temperature shall be specified 
as 70°. The D.O.A.T. at the service ceiling is to be — 100°. If the service 
ceiling of the plane is 20,000 feet, the minimum density of the air is 


0.04 Ib/ft*® (see Fig. 20). Thus, 


At this ceiling the partial pressure of the oxygen in the air is, of 
course, insufficient for human needs and oxygen equipment must be 
used. Therefore, the air now serves merely as a carrier aand distributor 
for the heat, unless the cabin is supercharged. The conditions in this 
case will be discussed shortly. 

As the plane descends to sea level, the density of the air increases. 
On the other hand, the temperature differential decreases. Substituting 
the value 0.04 for d, with 0.075, and -- 100° with —60°, 

122,400 = 60 * 0.24 X 1250 < 0.075 X (t, + 60); 
and: t, == 30.8° 


Obviously, this value is too low for a comfortable cabin temperature 
and, consequently, the capacity of the heater insufficient. This proves 
that, in order to obtain the maximum amount of heat which the heater 
may have to supply, the heater requirements must be calculated for 
sea ditions. ~~ 
Then: Hy = 60 X 0.24 X 1250 X 0.075 X (70 + 60) 
and: HT, = 175.5 stu 


This value is considerably higher than the previous one. In order to 
find the corresponding cabin temperature at the service ceiling, the 
following formula can be used: 

ty, = by ok (fo, = hi ds/d., (2) 
in which the suffixes s and a denote sea level and altitude at the service 
ceiling, respectively. Inserting the D.O.A.T. and d, at a service ceiling 
of 20,000 feet, and obtaining a value of 1.875 for d./dy from Fig. 48, 
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Since this temperature is too high, an increased amount of cold air 
must be introduced which can be found by means of formula (1) as 
follows: 

175,500 = 60 XK 0.24 X qu X 0.04 X (70 + 100) 
and: qa = 1780 chn 

Therefore, an additional 540 cfm of cold air must be supplied at 
20,000 feet in order to keep the cabin temperature at 70°, with a mini- 
mum outside temperature of — 100°, Since the temperature control on 
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most planes equipped with central heating systems is based on the 
proportioning of hot and cold air, the additional air needs can be easily 
furnished. 

Incidentally, the above calculations illustrate how important it is to 
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check the air supply not only for the requirements of ventilation but 
also for those of heating, 

3.2 HEAT LOSS THROUGH THE PLANE OUTLINE. The heat loss due to trans- 
mission is caused by the transfer of heat from the warm cabin air to 
the walls, ceiling and floors of the plane, and hence to the outside. It 
is calculated by means of the following formula: 
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iy = A x (le se ti) 4 U (3) 


in which: A = Area of the transmitting surface, in sq ft; 
t, = Cabin inside temperature, in °F; 
t, = D.O.AT., in °F; 
U = Overall heat transfer coefficient, in btu/hr/ft®/°F 
The overall heat transfer coefficient is established by the following 
equation: ; 
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LU = V/fi + W/fo + U/C + x,/ky + xto/ky to (4) 


fi and f. represent the inside and outside surface heat transfer coefli- 
cients, respectively. They are the coefficients of thin layers of air 
immediately adjacent to the surface, and may influence the heat trans- 
fer considerably, particularly at high air velocities. C represents the 
conductance of the air space. x,, x, etc. are the thicknesses of the in- 


[ 128 ] 


sulating materials in inches. k,, k, ete. are the respective heat transfer 
coefficients for these materials in btu/hr/f{t®/°F/in. 

The accurate calculation of the surface heat transfer coefficients is 
quite involved,’ but in practically all cases it is sufficient to use approxi- 
mations. Since the movement of the air inside the cabin is compara- 
tively slow, 1.65 can be selected as an average inside coefficient,’ while 
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the curve shown in Fig. 44 furnishes very useable values for the outside 
surface coefficient at various air speeds and moderate temperature 
differentials. More details will be found in Chapter XVI. 

The set of curves shown in Fig. 45 offers an interesting comparison. 
These curves represent the heat transfer from hot surfaces to air, in 
btu/ft?/hr, at various air velocities and temperature differentials. They 
have been plotted on the basis of conservative values compiled by 
Langmuir and shown in Marks’ Handbook. 

The conductance of the air space can, for the sake of simplification, 
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be assumed to remain constant at 1.10 btu/hr/ft?/°F of temperature 
difference. According to tests by Wilkes and Peterson, as quoted in 
the HVAC Guide, the conductance changes little for air spaces %” or 
more in width. The curve in Fig. 46, which represents the thermal 
conductance of a 1” air space at various temperatures, proves that 
changes in temperature have some effect on the conductivity.* How- 
ever, it will be found that, in most aircraft heat calculations, these 
changes can be disregarded. The conductivity of air as a function of 
temperature is given by the relation: 


ky = 0.0129[717/(T + 225) |(7'/492)*? (5) 


in which T is in °F absolute. 

While the width of the air space will not appreciably affect the heat 
transmission through it, the thickness of the materials used as insulating 
layers have quite a bearing on their heat insulating properties. This 
is illustrated in Fig. 47 which shows the conductance of “K” Felt as a 
function of its thickness? 

The table following gives typical heat-transfer coeflicients for some 
materials affecting aircraft insulation. 


URIALS 


K FACTORS (in buu/hr/ft?/°P/in.) FOR VARIOUS AIRCRAFT MAT 


| 


Material Weight /it® 
Aluminum | 
Asbestos | loose 
Balsa Wood | 7.3 qb 
Cork 5.4 1b 
Cork Board 7.0 1b 
Cotton Wool | loose 
Dry Zero | 
Fiberglas acedg. to dens. 0.24 to 0.88 
Kapok Felt | 0.21 
Plexiglas i | 1.74 to 2.32 
Seapak | Type C | 0.22 
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In calculating the heat transmission through the plane outline it is 
important to treat all those panels and sections separately which have 
different overall heat transfer coefficients. For instance, the heat trans- 
mission through a plexiglass window is entirely different from that of 
the enclosing area which may be very well heat-insulated. In compart- 
ment-type planes it is usually advisable to calculate the heat loss for 
each individual compartment, and to treat the ceiling, walls and floors 
separately. 

The total heat loss of the airplane is then: 
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H (btu/hr) = H, + Hy (6) 
in which: H, = Ha + He + His + 


and H,,, H,, ete. are the heat losses through the individual panels. 

The final value thus obtained should be increased by about 10% in 
order to allow for a safe margin and the selection of standard capacities 
for the heating plant. This will also compensate for the uncertain factor 
of infiltration and for moderate changes of some coefficients with 

temperature, density and humidity which have been disregarded 
bef a 

The design of the cabin insulation is, primarily, based on considera- 
tiie of soundproofing and will be discussed in the chapter dealing 
with that subject. 


3.3 supencuarcinc. In the adiabatic compression which takes place in 
supercharg ging, a certain amount of energy is expended to compress 
the air from its outside pressure to the one desired within the cabin. 
Since, in this process, the volume remains constant, the expended 
energy results in heating of the compressed air. 
The final eer e is given by the formula: 


T, (°F abs.) = 71 X (po/pi)°?™ (for single stage compression) (7) 


The temperature increase of the air may be such that it suffices to 
offset the heat losses, particularly if the cabin is well sealed and insu- 
lated which is usually the case with 1 supercharged planes. It is, never- 
theless, necessary to calculate the heat thus generated as well as the 
heat requirements, and check whether they balance under all condi- 
tions. If this is not the case, a heater has to be installed with a capacity 
sufficient to make up the difference between the total heat loss and the 
heat supplied by the compression of the ventilating air. It must be 
borne in mind also that this heat can be counted on only while the 
supercharger is in operation. 


4.0 Wear ReoumeMents For Acc 


SORTES 


There are no general rules for the heating of aircraft accessories, 
since both the nature and conditions under which they have to operate 

vary extensively. ‘ 

The heat requirements of a device de pend as a whole, on its mass, 
the temperature at which it has to be kept, the temperature to which 
it is exposed and its qualities of heat absorption or radiation. When- 
ever possible, equipment w hich does not operate properly below 
certain temperatures, should be installed in a place where it is well 
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protected from the air stream and close to, if not within, heated spaces. 
However, guns and similar devices are usually fully exposed and often 
require considerable amounts of heat. 

The two most-favored methods for the heating of accessories are 
electric heating and blast-heating. In the former, the device is 
covered by a shoe or envelope, consisting of heat-resisting and in- 
sulating material which is interwoven with numerous, fine, heating 
wires. Since the generated heat is very well preset rved, small amounts 
of current suffice to obtain the desired heating effect. For instance, 
less than 200 watts are ample to heat the breech of a 50-calibre gun. 
This corresponds to only about 680 btu/hr while, in blast-heating, 
approximately 10 stu are needed to obtain the same result. 

The electric energy for heating medium-sized accessories ranges 
from 100 to 500 watts, depending on the variables mentioned above. 

Blast-heating is effected by means of hot-air blasts which are directed 
against the device to be heated. Since the temperature of the air stream 
should not be too high nor the air stream too concentrated, much of 
the heat is lost to the surrounding atmosphere or structure without 
directly benefiting the accessory, although he ating of a relatively 
little exposed air space is desirable for both the equipment contained 
within this space and its operator, if he is stationed near-by. 

A fairly accurate guide for the calculation of heat requirements of 
massive accessories such as guns is furnished by the following formula: 


Q = (le ~— L) (wala wees es) (8) 
in which: 
t, = Desired temperature of accessory, in °F; 
t, = D.O.AT., in °F; 

Wa, Wy ete. = Total weight of individual materials used in accessory, 
in Ib; 

Ca, Cy ete. = Specific heats of respective materials. 

The individual specific heats may be assumed to be constant. The 
valué Q is then the total amount of heat in btu required to raise the 
temperature of a device from #, to é,. If the process of heating to the 
desired temperature is per mitted to take exactly one hour, 


QO = H, in btu/hr 
Ordinarily, faster heating is necessary, and then: 
H = Q 60/x 
in which x is the number of minutes allotted to the he: ating process. 


Since H is the maximum heat quantity to be supplied at any time, it 
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can usually be decreased after the device has been brought to the 
required temperature, as it then has ey to balance the heat losses 
caused by radiation and convection. If the temperature ranges are 
critical, such adjustments should be oe by means of a thermostatic 
control, 

The efficiency of blast-heating is quite low and depends mostly on 
the location of the heated accessor y. If it is fully exposed to the cold- 
air stream, only a small percentage of the emitted heat will actually 
serve it. If it is located in a fairly well-enclosed space, the efficiency is 
correspondingly greater, A small amount of heat- -proofing of such 
spaces will as very helpful in this respect. As a rule, the capacity 
of the heater should be at least twice the calculated quantity. 

When Dblast-heating is employed, great care must be taken to com- 
pensate for decreasing air densities at altitude as, otherwise, the tem- 
perature of the air blast might become too high. For this reason, 
calculations for heat ea must be based on sea level conditions 
and air quantities increased for increase in altitude as shown in Fig. 43. 

Experience has proven that from 10 to 20 stu are required for the 
heating of accessories by means of blast- -heating. The choice between 
the lowe and higher values depends again on such factors as service 
ceiling, air spetils nature and location of the accessory. 


5.0 Hear Reoumemenrs ror MiscecLancous Equipment 


The methods of calculating or selecting heat quantities for miscel- 
lancous equipment are quite similar to the ones discussed above. 
However, if electric current is available and the equipment is at all 
suitable for electric heating, it should always be given preference. 

Electric heating is, for instance, very practical for the heating of 
water and other ‘galley equipment, The normal wattage for electric 
immersion heaters in insulated storage tanks, e pune with thermo- 
stat, is about 250 watts. Coffee makers usually consume from 300 to 
400 watts, while hot plates for the preparation of warm meals require 
about 600 watts. 

Hf the heat requirements for the galle »y must be met by means other 
than electricity but are specified in watts, the values in watts are 
converted to btu/hr as follows: 

H=wX 8.415/e (9) 
in which: 
H = 
w 


3.415 


Heat load, in btu/hr 

= Wattage of comparable electric heater; 
Conversion factor; 

Efficiency of heat transfer 
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The efficiency of the heat transfer must take into account the losses 
encountered in the ducts or pipes le wee From the heater outlet to 
the galley accessory and the efficiency of the transfer itself, The value 
for ¢ is usually about 0.5. 


6.0 Hear ReQuiREMENTS For ANTI-FROSsTING, 


Anti-frosting, that is the method of preventing the formation of 
condensation on the inside and ice on the outside of transparent 
surfaces by means of heat, is relatively new. For this reason, there 
are very few conclusive data and test reports available which permit 
the establishment of a proven method of calculating heat requirements 
for this purpose. 

There seems to be, however, general agreement on the most de- 
sirable range of temperatures for the hot air streains used in such a 
method. This range is from 160° to 170°, with 165° as an acceptable 
average. Results show that an air stream at this temperature, if directed 
toward the inside of a window or windshield, will eflectively prevent 
ice from forming on the outside. 

In order to calculate the heat requirements, it is necessary to know 
not only the temperature of the air stream but also its rate of flow or 
quantity. It is true that the motion of warm air over the window 
surface in itself prevents moisture from condensing on it, as long as 
the impact is strong enough to remove the thin layer of cold air on 
the surface. Therefore, perpendicular flow against the window has 
been quite successful while tangential flow has not been very satisfac- 
tory inasmuch as it permits the existence of the cold film which, in 
turn, encourages condensation. 

For the removal of ice which has formed on the outside or to pre- 
vent it from forming altogether, it is not sufficient to supply an arbi- 
trary amount of warm air to the inside surface, and merely control its 
temperature to remain constant at around 165°, The problem is to 
find a simple method of computing the necessary heat aes and, 
from those, the amount of air at 165° needed to transfer this heat to 
the window. 

The required heat quantities depend on a great oe factors such 
as the location of the window, air speed of the plane, atmospheric 
conditions and many others. The double pane installation on the 
windshields of United Air tance Mainliners® required 1852 btu/hr/ 
sq ft during tests to prevent frosting at 19°. As a rule, it appears that 
from 1 to 3 stu/sq ft should suffice in most cases, depending on the 
location of the window. However, there are several ways of calculating 
these requirements more accurately. 
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The most logical method of approach is to consider the window as a 
plate which is heated on one side and cooled on the other. A certain 
amount of heat is transmitted from the warm plate to the cold outside 
air and must be replaced by supplying an at Jeast equal amount of 
heat from within in order to keep the temperature of the window 
from falling below the safe level. This amount is computed from 
formula (3), namely: 

Hy = AX (y- hy) «KU 
in which: 
H, == Heat transmitted through window, in btu/hr 
A = Area of window, in sq {t 
t, = Cabin temperature, in °F 


U = Overall heat transfer coefficient, in btu/hr/ft?/°F 

U is found by formula (4). The inside and outside film coefficients 
can be determined from the curve in Fig. 44. As the velocity of the 
warn air stream along the inside surface of the window may be quite 
high and thus become an important factor in establishing the inside 
coefficient, it should not be neglected. 

Once H, is known, the necessary air quantity can be calculated from 
formula (1). This caleulation must be made for sea-level conditions, 
as explained before, and ¢, inserted as 165°. 

At greater altitudes, the air quantity is to be increased at the rate 
shown in Fig. 43 so as to keep its temperature at 165°. However, in 
planes with low service ceilings, it is permissible to start with some- 
what lower temperatures at sea level and go to slightly higher tem- 
peratures at the ceiling, without changing the air flow. 

Ordinarily, the heat quantities thus established need not be added 
to the load of the heating system, since they are part of and contribute 
to the cabin-heating scheme. 

The above methods of calculation will yield fairly acceptable results 
for comparatively large areas such as those of windows, portholes and 
windshields. Anti-frosting of sights and lenses is somewhat more com- 
plicated, due to their small size, sensitivity to temperature changes, 
mounting and location. In many instances, the entire equipment is 
heated so that the lens is kept in warm surroundings. However, if it is 
exposed to a cold air stream, separate heating is usually unavoidable. 
Electric heating is again preferable to blast heating since it is more 
efficient and easier to incorporate in devices of this type, apart from 
the fact that a sharply concentrated blast of warm air may harm the 
rest of the equipment and cause discomfort to the operator. 

Heat quantities required for anti-frosting of sights or lenses are 
quite small and range around 100 btu/hr for blast-heating, and about 
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25 watts for electric heating, depending on the size, mass, installation 
and location of the lens. 


7.0 Hear Requmements ror ANTI-IcInc 


As in anti-frosting, both the experiences and opimions vary as to the 
best method of calculating heat requirements for anti-icing purposes. 
The most important data in this respect have been obtained by a 
special staff of the N.A.C.A, during several years of intensive study 
but are of a confidential nature and not yet released for publication. 

Tn a simplified method of calculating the approximate values re- 
quired for the anti-icing of an airfoil, it is again feasible to consider 
the airfoil as a heated object which is being cooled by an air stream 
passing over its surfaces. This process results in the transrnission of 
heat from the foil which must be balanced by providing an equal 
amount of heat from within. Accordingly, formula (3) should be used 
once more, 


shows f, == 46.5 and f; = 7. Therefore: 
1/U = 1/7 + 1/46.5 + o/h 


Inasmuch as k., the conductivity of the aluminum skin, is very high 
and the thickness of the metal very small, the value %/ka can be 


neglected. 
Thus: U = 6.08 btu/hr/ft?°F 
and: | Hy, = AX (t, — t,) * 6.08 


in which: HH; == Heat amount required for anti-icing in btu /br 
A = Anti-icing area, in sq ft 
t, = Mean temperature in anti-icing space 
t, = Outside temperature 
ft, may be assumed as 200° and #, shall be -- 40°. Then: 
H, =A X 1460 btu/hr 

In other words, 1460 btu/hr must be supplied per square foot of 
anti-icing area under the above conditions. The anti-icing area usually 
extends from the leading edge of the wing to the front spar as shown 
in a sketch of the anti-icing installation of a Consolidated-Vultee 
“Catalina.”? 

The air quantities required for the transfer of these heat amounts 
can agaim be found by formula (1). A. sinvplified method for the 
calculation of air quantities can be employed, if the loss and supply 
of heat are balanced, and the temperature differential does not change, 
as is the case here. Then: 
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A x U 
14, 4 x ea 
in which g, and d, represent the air quantity and density, respectively, 
at any particular altitude. 

Regulation of the air flow for Spel in air density may not be 
necessary, if the service ceiling of the plane is low enough to keep 
the change of temperatures within permissible limits. 

Methods for anti-icing will be discussed in a following chapter. 


(10) 


hence da = 


$8.0 Hear Requirements ror Grounp Heatrinc 


Heat losses on the ground are usually considerably smaller than 
those during flight. There is not only less of a temperature differential, 
since the D. O.A.T. is higher and the specified cabin and equipment 
temperature lower, but U becomes much smaller due-to the fact that 
the air speed is, at the most, that of the ground wind to which the 
plane is exposed. 

Consequently, the output of the heating plant can be decreased 
which represents a very desirable saving in fuel and electric current 
consumption as ground heaters for this purpose are commonly of the 
internal-combustion type. 

Heat and air quantities required to keep the cabin interior at a 
sy temperature are calculated by means of equations (1), (3) 
and (10). The heat needed to prevent the accumulation of snow and 
ice on wings, control and transparent surfaces is computed in a manner 
identical to the one used for flight conditions, with the exception that 
the values for the surface heat transfer coefficients f; and f, are 
selected in accordance with the respective air speeds on the ground. 

if the velocity of the ground wind is low, heat loss due to radiation 
cannot be whol ly neglected, particularly for black bodies, oxidized 
metals and the like. This loss can be computed by the ‘following 
equation: 


H, = 0.172 X p X AX (T,4 — T,*) X 10° (11) 


total heat radiated in btu/hr throughout the solid 

angle of 2 = above the radiating surface; 

p == emissivity of the surface 

A = area of the radiating surface, in ft? 

T, == temperature of the radiating surface, in °F absolute 

temperature of the surrounding air, in °F absolute 
The emissivity is the ratio of the radiating power of the body to 

that of a black body of the same temperature. It varies with tempera- 

ture, its degree of roughness and, if a metal, its degree of oxidation? 
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Ground pre-heating requirements of accessories can usually be cal- 
culated by equation (8). This equation is also used to find the amount 
of heat. needed to pre-heat an engine from a low ground temperature 
to a desired operating temperature. If the engine is well enclosed in 
a nacelle and kept at a specified temperature by means of warm air 
which is circulated through the nacelle, the necessary heat and air 
quantities can again be found by means of equations (1), (3) and (10). 
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XIV 
METHODS OF HEAT SUPPLY 


1.0 InrRODUCTION 


The development of aircraft heaters has moved rapidly during the 
past few years and the designer can now select from a group of well 
proven products a suitable heater for practically every requirement, 
Nevertheless, there is as yet no heater or heating system which can 
be recommended and used for all of the multiple applications on an 
airplane. The following chapters will, therefore, deal with various 
methods of heat supply. 

There are three fundamental methods of heat supply of which the 
first is the simplest, the second the most logical and the third the most 
widely used. This contradictory statement will be understood shortly. 

The first method is electric heating, the second, exhaust gas heating 
and, the third, internal combustion heating. 


2.0 Execrric HEatinc 


One kilowatt of electric energy is equivalent to 3.415 stu of heat 


Thus, an electric spot heater of 10 stu heating capacity would require 


about 3 kw. At the average airplane voltage of 24 V, this amounts toa 
current drain of 125 amp. Such current requirements are entirely out 
of the question, particularly, if heating capacities of 200 stu and more 
must be furnished for cabin heating alone. Therefore, completely 
electric heating cannot be seriously considered. 

Nevertheless, electric heating is the simplest, safest and lightest 
method of heat supply and can be effectively employed where small 
heat capacities suffice. It requires only a small wire for connection 
instead of duets or pipes. Its single control is a rheostat which permits 
regulation of the heat output over the entire range from off” to 
maximum, Since the heat is produced at the point where it is needed 
and heat transfer is entirely eliminated, the efficiency of electric 
heating is higher than that of any other method known. It has no 
moving parts, entails little or no servicing, can be handled by anyone 
and is practically foolproof, even if damaged by enemy fire. It can be 
sasily installed and is adaptable to almost every purpose. 

The high current consumption of electric heating is the one and 
only factor which prevents its extended use on airplanes at this time. 
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There is little doubt, however, that once lighter and more efficient 
means have been developed to store or generate electricity, it will 
easily furnish the answer to most, if not all, heating problems. It is 
wise to keep the possibility of such a development in mind. 

In spite of its limitations, electric heating is already used to some 
extent on many airplanes. The best known application is the electri- 
cally-heated flight gear such as manufactured by the General Electric 
Company. It consists of the heated suit shown in Fig, 48, which is 


Fig, 50 


bD 


actually an undersuit, heated shoes and heated gloves, illustrated in 
Fig. 49. Regular flying shoes are worn over the heated ones, and a 
light summer flying suit is worn over the electric suit, as demonstrated 
in Fig. 50. This photo also shows the control switch and regulating 
rheostat. Figure 51 lists the individual components of the complete 
gear, 

Suit, gloves and shoes are made from a special, heat-resisting ma- 
terial which is provided with an interwoven net of hundreds of fine 
heating wires. All components are individually wired and controlled. 
Since the generated heat is applied directly to the body and its escape 
impeded, little current is needed. The entire equipment consumes only 
375 watts which is less than 1.8 stu. 

The following data, as supplied by the General Electric Company, 
emphasize the value of this method for cockpit heating. The John B. 
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Pierce Laboratories in New Haven conducted tests which indicated 
that, with the warmest unheated clothing available, the human trunk 
can be kept warm for only 2.7 hours at 30° oe oe extremities for 
3.2 hours before reaching the danger point. At ~ 45°, these figures are 
2.3 and 2.8 hours. When properly worn, this e Pace heated clothing 
assembly will keep the wearer comfortable at temperatures as low 
as ~ 60°, 

Pads and covers, similarly constructed, are used to advantage, if 
they can be wrapped around equipment and apparatus which, in 


Fig. 51 


conjunction with proper heat insulation, requires only little current 
to be kept at desired temperatures. Remember that less than 200 watts 
of electric heat, within a protective cover, will heat the gun-breech 
mechanism of a 50-calibre gun. Electric heating is also extensively 
used for the pitot-static tube of the air-speed indicator, water and 
galley heating, anti-frosting of lenses and many more. 

Electric anti- frosting of ven ger areas such as those of windshields is 
still in an expel rimental stage. Brunt reports the results of tests made 
in France to heat windshields by means of an electrically heated screen 
inside the glass. He states that from 200 to 300 watts per 100 cm? of 
surface proved enough to free an iced-wp windshield within two to 
three minutes, at an outside temperature of —10° C (-+14° F) and an 
airspeed of 250 my oh. This would correspond to about 2.2 to 3.3 kw 
per sq ft which, if these figures are representative, is too high to be 
feasible. 

Although electric anti-frosting and anti-icing of small areas can now 
be accomplished by means of standard alesttic aircraft heaters which 
have outputs ranging from 0.6 to 6.0 stu, this method is usually not 
practical where larger heat outputs are involved. One of the few suc- 
cessful exceptions is the recent development of electrically conductive 
rubber covers for the anti-icing of propellers which, however, requires 
a separate source of current supply. 
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3.0 Exuausr-Gas Hearinc 


In looking for a source of heat supply the thoughts of the ¢ designer 
will turn first to the vast quantities which are av: ailable in the engine 
exhaust. Figure 52 shows the total heat energy contained in the fuel 
which must be supplied to obtain a given brake horsepower output of 
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the engine, and the heat lost through the exhaust which amounts to 
about 32%.2 

As can be seen, a fairly-sized aircraft engine will produce exhaust 
gases which contain several thousand stu of heat energy. Even if only 
a fraction of this amount could be recovered and utilized, it would 
more than suflice to take care of all heating needs of t the largest 

% i. 
airplane. 
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The haat of efficient recovery is the main obstacle in emploving 
this source of heat. However, during the past year, a number of 
designs have come on the market which hae much promise. They 
permit the recovery of great heat quantities with comparatively little 
weight and space, and. comply very well with the numerous other 
requirements of satisfactory heat exchange which are as follows: 

1. The device for heat recovery (heat exchanger) must be sturdy 
enough to withstand all external and internal stresses, yet should be 
light and weigh not more than one pound for each 10 stu of rated 
capacity. 

2. It must be small enough to fit into the available space, without 
requiring change of the conventional nacelle structure nor unreason- 
able r arrangement of engine accessories. 

3. It should have no moving parts, with exception of air and mixing 
controls, and be safe and simple to operate. 

4, It should not be affected by the large temperature differentials 
nor the components of the gases to which it is exposed, and should 
readily withstand attacks by lead, salt water and similar substances. 
Service should not be necessary before 100 hours of continuous opera- 
tion and, if required, avoid the need for major disassemblies. 

5. It should minimize the danger of CO infiltration into the ven- 
tilating air, not only under normal operating conditions but also, if 
damaged eecdentall y or by enemy fire. 

6. Tt should not obstruct the passage of the exhaust products to any 
appreciable extent. The increase in back pressure due to the insertion 
of a heat exchanger should not amount to more than 1.5” H,O for 
oy 100 stu. 


The pressure drop of the ventilating air across the heat exchanger 
Sioet not be greater than 1” H,O for every 1000 Ib of air per hour. 

8. No damage should result to the exhaust pipe, if the flow of venti- 
lating air is reduced or even stopped completely. 

9, Tf flame dampening is specified, the heater should readily fit 
into a suitable combination for this purpose. 

As can be seen from the above, general requirements, the design 
of a satisfactory heat transfer unit is a very difficult one. This explains 
the fact that, heretofore, such units were used only when no other 
practical source of heat could be found, 

The development of exhaust gas heat exchangers has been particu- 
larly stimulated by the urgent need for the large heat quantities used 
in anti-icing, anti- frosting, heating of accessories and cabin heating at 
very low temperatures. Indications are that exhaust gas heating will 
be selected for a growing number of installations and it is, therefore, 
necessary to discuss this subject in somewhat greater detail. 
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There are three commonly used methods of transferring the heat 
recovered in the exhaust to the place where it is to be used. The basic 
difference between these methods lies in the medium employed for 
transfer which may be either air, steam or a non-boiling liquid. The first 
type is called Exhaust Air Heater, the second Exhaust Steam [eater 
and, the third, Exhaust Liquid Heater. The difference in tr ansfer 
medium results in fundamental differences of characteristics, applica- 
tion and operation although the source of heat is the same in all cases. 


3.1 EXHAUST-ATR HEATERS have the following advantages: (a) They do 
not require any additional fuel or other means of generating heat, they 
utilize heat already existent which would be wasted otherwise. (b) 
They do not depend on any other medium, gaseous or liquid, with 
the exception of air. (c) They have no moving parts, thus simplifying 
operation and service. (d) They can furnish any heat sae which 
may be needed, no matter how high they are. (e) Their control is 
simple, and only little auxiliary equipment is needed for this purpose. 

Another advz intage which, sometimes, is claimed for the exhaust 
heat exchanger is the fact that a considerable amount of heat is with- 
drawn from the exhaust gases and that, therefore, not only their 
temperature but also their volume is reduced. This, in turn, is said 
to assist in solving the difficult oe of finding more satisfactory 
materials for exhaust pipes, minimize after ee and permit sn naller 
pipe diameters beyond the heat exchanger, thus decreasing weight. 
However, the reduction of temperature and volume are of consequence 
only if the percentage of heat salvage is very high and, at any rate, 
higher than can be obtained with present models. This can be readily 
seen from the following example: 

A heat exchanger with 250 stu capacity has been inserted into the 
exhaust of a 1200 hp engine. The exhaust pipe is 8” in diameter, and 
the temperature of the exhaust gases, at full hp output, 1450°. 
According to Fig. 52, about 3,500 stu of heat energy are available in 
the exhaust of which 250 stu or 7.15% are being recovered. Assuming, 
for the sake of simplicity, that all other factors remain anchanged, 
then: — 


H,/H» = T,/T. 


in which the suffixes 1 and 2 denote the condition of the gas before 
and after heat extraction has taken place, H represents the heat 
amounts in stu and T the absolute temperature in OF; 


== 1910 
so that a= T, & 92.85/100 = 1770 
and: ti, == 1310°F 
[139] 


Thus, the temperature reduction is only 140° which is too little to 
be of any advantage. The tensile strength of the steel alloys employed 
in the manufacture of exhaust systems decreases quite rapidly at 
temperatures above 900°. Ther efore, a temperature reduction of the 
order shown above cannot contribute anything toward the material 
bee em, nor is it sufficient to assist in the prevention of after-burning. 

This phenomenon, which is particularly annoying in night bombing, 
is mainly due to the presence of carbon ‘monoxide in the exhaust g gas. 
As it leaves the tailpipe and mixes with the outside air, it forms a 
hci ces mixture. oe ane pet tata of ous mixture may 


ised gases a the ae of the t tailpipe are hat aoa to serve as 
igniting medium for the gas-air mixture ahead of them. As a conse- 
quence, flames appear to shoot out of the exhaust which are the more 
violent, the more incomplete the combustion and the greater the 
percentage of CO in the exhaust. In order to avoid the need for flame 
dampeners by merely cooling the exhaust gases, the temperature re- 
duction caused by the heat exchanger must again be much greater 
than shown. 

As far as the decrease of the gas volume from V, to V, is concerned, 
an approximate value is furnished by the following relationship: 


V,/V, = 7,/T. 


Thus, the reduction in the absolute temperature of 7.15% will result 
in a similar reduction of the volume and, consequently, of the cross- 
sectional area A of the tailpipe. Therefore: 

A, == A, X 92.85/100 == 46.5 in? 


and: d, = 7.7” 


This example proves that a heat extraction of as much as 250 stu 
would permit a reduction of even Jess than 4% of the tailpipe diameter 
d. Of course, once heat exchangers are produced which utilize a 
considerable portion of the heat available in the exhaust, the ensuing 
reductions of temperature and volume will undoubtedly become a 
eature of major importance. 

Against these advantages are a number of disadvantages of which 
the following are the most pertinent: 

In order to transfer a required amount of heat from one medium 

o another, a certain amount of common, metallic surface is aaeciell 

which, as will be shown in a following chapter, may be quite large, 

even if high velocities are employed ge an optimum rate of heat 

transfer, This may entail requirements for weight and space which 
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can easily become prohibitive. However, accurate calculations and 
good design will assist in greatly reducing these factors. 

b. The need for passing the exhaust gases along a heat transfer 
surface of sufficient area and possible diversicn from their straight 
path increases the back pressure in the exhaust and thus reduces the 
efficiency of the engine. Proper design can again hold the increase in 
back pressure to a minimum. 

ce. The above is also true for the poor drop of the ventilating 
air across the heat exchanger. Poor design will result in considerable 
drops and require either larger blowers or scoops. 

d. Since the ventilating air aad the exhaust gas are separated merely 
by a sheet of metal, there is the danger that eiaikes or bullet holes in 
the heat-transfer surface might permit the mixing of the air with the 
exhaust gases. The high content of carbon fnenonde in the gas would 
then contaminate the ventilating air sulliciently to raise the percentage 
of CO quickly above the danger point. 

Actually, there is little that can be done to eliminate this danger 
altogether. Among the suggestions to at least minimize it, is the use 
of double heat exchangers in which heat is transferred, at first, from 
the exhaust gas to intermediate air and, from this air, to the ventilating 
air. Thus, if one of the two heat exchangers has been a re there 
still would be no mixing of exhaust gas with the ventilating air. 
Although this scheme reduces the danger of carbon monoxide infiltra- 
tion greatly, it is not very practical since it results in far greater weight 
and space, and much lower overall efficiency of heat transfer. ; 

Neither would it be feasible to armor the heat exchanger as this 
would again increase the weight of the unit and merely protect it 
against shell splinters but not heavy calibre bullets nor accidental 
damage inside the unit. 

The best method of increasing the eo of operation is to use 
means which indicate when snd if the heat exchanger has been 
damaged and CO infiltration takes place. A number of instruments 
has been developed for this purpose but no method has yet been 
released which is entirely satisfactory. Most systems known so far 
utilize the chemical changes brought about by carbon monoxide on 
various materials to detect its presence, These changes may result 
either in discoloration, which can be + registered visually or by means 
of a photo-electric cell, or in heating which 
of thermocouples. 

‘The latter is the principle on which the Carbon Monoxide Indicator 
of the Mine Safety Appliance Company is based. This instrument has 
been used widely in mines and laboratories, A similar device had been 
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can be detected by means 


installed on the Pan American Clipper ships. I is comparatively heavy, 
and its mechanism rather complicated, In addition, it is not entirely 
suitable for constant sampling. Therefore, the use of this instrument 
on airplanes is quite limited but its principle interesting enough to 
warrant a brief description. 

It consists, essentially, of an electrically driven pump which draws 
a sample of the cabin air into a cell where any CO that might be 
present is converted chemically into CO,. Parallel courses in this cell 
are filled with an active chemical and an inactive pumice substance. 
The active material is a granular mixture of manganese dioxide and 
copper oxide which serves as a catalyst for the conversion ¥ saction of 
CO to'CO,,. A series of thermocouples measures the difference in tem- 
perature between the active and inactive parts of the cell, if a reaction 
takes place. This, in turn, unbalances a Wheatstone bridge and operates 
a sensitrol relay which can be used to shut off the supply of contami- 
nated air, to open the fresh-air duct and to operate a warning signal. 

e, The main disadvantage of the Exhaust Air Heater, which it shares 
with all other heaters depending on the operation of the engine, is the 
fact that it cannot be used for ground heating. It is, of course, possible 
to idle an engine during brief stop-overs or to confine ground operation 
of the heater to the engine warm-up period. However, this method is 
not feasible, if ground heating is required for any length of time and, 
in this case, other means of heat supply, either auxiliary or permanently 
installed, must be found. 

In spite of these disadvantages, the Exhaust Air Heater is, to many 
designers, the logical answer to the problem of supplying large heat 
quantities during flight. From what is known, it is the principal 
method of heating employed by the Germans. In this country, it is 
rapidly gaining in popularity, after a period of comparative neglect, 
and most manufacturers of aircraft heating equipment are now in- 
cluding this type of heater in their line. For this reason, a following 
chapter will be devoted to it. 


3.2 EXHAUST STEAM HEATER. One pound of water requires about 1000 
btu to convert it to steam. By the same token, as this steam condenses, 
it liberates an equal amount of heat. Thus, the generation of steam at 
one point and its condensation at another is a very efficient means of 
heat transfer. 

In aircraft heaters of the exhaust steam type this method is utilized 
by inserting boilers into the tailpipe and pumping small quantities of 
water into them. Since the boilers are fully exposed to the flow of the 
exhaust gas, their temperature is so high that the water immediately 
Hashes into steam. The steam then flows into radiators where it 
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condenses and thus liberates the heat taken from the exhaust gases to 
generate it. The condensate then returns to the boiler and the cycle 
is repeated. ; 
The schematic arrangement of such a system is shown in Fig. 53 
which illustrates the Airmax steam heater as originally develor vd by 
Boeing. Two boilers, arranged in series, are inserted into the exhaust 
stack, The steam generated and super-heated in the boilers travels 
through a sump and, from there, to one or more radiators located in 
the hot-air duct. The condensate which is formed in the radiators is 
then forced back into the boilers by means of a feed-water pump. 
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The pump indicated in the sketch is hydraulically operated, and 
control of the heat output can be effected by regulation of the oil flow 
to the pump. Regulation may be both manual and automatic. The 
latter is taken care of by a thermostat operating an oil metering valve. 
Also provided are a master switch and an instrument bulb which is 
lighted when the system is in operation, 

The exhaust steam heater shares many of the advantages and 
disadvantages of the exhaust air heater. Inasmuch as it utilizes the 
heat in the exhaust, it does not consume fuel or current for the supply 
of heat, however, it requires a small amount of water for the heat 
transfer. Since this water is being recirculated within the system and 
only little is lost, one pint of it may be suflicient. : 

The main advantage of the steam heater over the air heater is the 
fact that the danger of CO infiltration is practically eliminated. 
Furthermore, the small pipes carrying the steam or condensate can 
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readily be employed for the heating of numerous accessories by coiling 
them around the object to be heated. 

The major disadvantages of the steam system are the following: 

Like ie air heater, the steam heater cannot be operated on the 
ground unless the engine, in whose exhaust stack the boiler is located, 
can be idled. In aadiign: the steam system is inherently heavier than 
the air system for comparative heat outputs since some auxiliary 
equipment is required for its operation. 

Although, theoretically, any amount of heat can be transferred in 
this manner, the heat output ‘of steam heaters is limited by considera- 
tions of weight, space and back pressures in the exhaust. As a rule, 
about 150 stu capacity is their practical, upper limit per engine. 

A frequent objection is the presence of steam lines inside the cabin. 
Particularly on military planes, damage to these lines and the subse- 
quent escape of super- -heated steam is a serious matter. 

Another disadvantage of the exhaust steam heater is the service 
which it requires. For instance, if the plane is grounded for any 
length of time and at low temperatures, it is necessary to drain the 
water out of the system to prevent it from freezing and damaging the 

various components. 

Among the methods used to eliminate the need for draining is the 
insertion of a sump which is located at the lowest point of the system 
so that the condensate will collect in it, if the 
heater is not in operation. Such a sump is shown in 
Fig. 54. It is designed to prevent bursting, if the 
water collected in it should freeze. Furthermore, it 
is provided with a connection to the exhaust stack 
so that the heat from the exhaust gases will melt 
whatever ice might have formed in it during stays 

Fig. 54 on the ground. In spite of this provision, there will 
always be some water left within the system which, 

if frozen, will create pockets of ice and interfere with efficient opera- 
tion for some time after the start, if not result in permanent damage. 

Neither is it feasible to dilute the water with such anti-freezes as 
Glycol. If Glycol is present in steam, it will form droplets and thus 
still permit freezing of the condensate. Further data in this respect 

can be found in publications of the Carbide and Carbon Chemical 
Corporation.® For these reasons it is always advisable to provide for 
drain plugs at the low parts of the system and to drain the water 
completely after landing. While this service can be taken care of on 
commercial transports, military operations seldom, if ever, permit it. 
This factor must be taken into account on a military plane. 

The greatest difficulties in the design and operation of steam heaters 
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can be accredited to the high temperatures and pressures to which 
their individual components are exposed. Assuming an operating steam 
pressure of about 55 psi absolute for a 100 stu heater, and a head loss 
of 32 psi, the feedwater pump has to deliver a minimum output pres- 
sure of 87 psi absolute. Acc ordingly, the design pressure should be not 
less than 125 psi. The temperature of the steam under these conditions 
is in excess of 300°, and all parts including lines and fittings must be 
designed to withstand these pressures and temperatures under all 
operating conditions. This applies particularly to the boilers, feedwater 
pump and radiators. 


Fig. 55 Fig. 56 


8.21 Boiler—The weakest spot in a steam heater is usually the boiler. 
The dripping of water on the surface of the hot boiler amounts to a 
quenching action which severely stresses not only the body of the 
boiler but also the connecting welds and fittings. To cope with this 
condition the boiler used in the Airmax system shown in Fig. 55 was 
turned from a solid piece of titanium-stabilized steel. This fe has 
a capacity of 40 stu, and as many as four may be used in series if the 
available space permits and the allowable increase of the back pres- 
sure in the exhaust pipe is not exceeded. It eee only 30 cu in of 
water (about one pint) for operation. Selection of suitable alloys and 
proper methods of fabrication can lengthen the life of such a boiler 
considerably. In spite of that, occ: Baan ee are necessary 
which, from a military point of view, are highly undesirable. : 

The boiler in the steam heater developed by the Douglas Aireraft 
Company consists of a row of nine parallel tubes, WO. D. and 0.065” 
wall thickness, which are also made from titanium-stabilized, stainless 
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steel. The upper and lower ends of the tubes are welded into headers 
which, at the same time, serve as sumps.* Originally, the service life 
of this type of boiler was only 75 hours. However, due to improved 
welding methods, this has been extended to 450 hours, according to 
Douglas engineers. Installation of such a boiler on one of United 
Airlines’ Mainliners is shown in Fig. 56. Although the tubes are 
arranged in a manner which will keep the increase of back pressure 
in ane exhaust to a minimum, it is still higher than in a comparable, 
well-designed heater of the hot air type. 


3,22 Feedwater Pumps present a further problem. Inasmuch as they 
circulate the water at near-boiling temperatures and must dev elop a 
considerable pressure, they will be a constant source of trouble unless 
properly designed and serviced. The pump may be driven either 
hydt ‘aulically - or electrically. The hydraulic drive is often preferred 
because it eliminates the need for addition of another moving part as 
peas by an electric motor. 


23 Radiator—The problem in designing a suitable radiator is to 
neee maximum siscuve surface at a minimum of weight and re- 
sistance to the:air flow. The pressure drop of the ventilating air across 
the radiator should not exceed 3” HO for each 100 stu of rated capacity 
which, incidentally, is considerably higher than that for a hot-air 
heater of similar capacity. On the other hand, it is necessary to employ 
high velocities in order to increase the 
rate of heat transfer in the radiator. Al- 
though velocities from 5000 to 6000 fpm 
are indicated, the ensuing air noise may 
be objectionable. At this speed, the heat 
transfer in the radiator will be about 20 
btu/ft? of secondary surface/°F tem- 
perature differential/hr* 

The radiator shown in Fig. 57 weighs 

Fig. 57 approximately 12 Ib and has a capacity 

of 80 stu. An interesting installation is 

shown in Fig. 58. As can be seen, the radiator is inserted into the 
main air-intake duct and located in the floor of the flight deck. 

This installation is similar to the one described in an article dis- 
cussing the heating system of the Douglas DC-4.5 Two independent 
systems are used whieh maintain a cabin temperature of 70° at an 
outside minimum of —40°. The radiators have about one square foot 
of face area and heat 200 cfm of air, delivering as much as 400 stu at 
sea level. Weight of both radiators together is 72 lb. Steam is supplied 
by two boilers which are loc: ated in the inboard exhaust, and weigh 
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45 Ib each. Every unit requires 7 qt of water of which 4 qt are stored 
for reserve and not actually used in operation. Complete circulation 
takes place in one minute. . 

Another system worth mentioning is the Galley steam heating sys- 
tem which is used in England.’ In this country, exhaust steam heaters 
are primarily used on transports, particularly on planes built by 
Boeing and Douglas. : 

Installation of steam-he: ating systems on small planes and, before all, 
those in military service, is usually not feasible for the reasons outlined 
above. In addition, many of these planes cannot provide the space 


for insertion of the boilers which would also result in unreasonable 
increases of the back pressures in the comparatively small exhaust 
stacks. 


3.3 EXHAUST LIQUID HBATERS are similar in principle to the exhaust 
steam heater with the exception that, instead of steam, a non-boiling 
liquid is employed for the transfer Gf heat from the exhaust pipe to 
the radiator. The advantage of this system over the steam he rater is 
that both temperatures and pressures are considerably lower. On the 
other hand, the heat quantities thus transferred are rather small since 
they are limited to the heat which is consumed to raise the tempera- 
ture of a unit weight of the transfer liquid from t, to t,. Thus, the 
maximum heat quantity which can be transferred is: 
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H=wXe (t,—-t) 


in which w is the rate of flow of the heat transfer medium through 
the radiator in lb/hr, and ¢ its specific heat. In contrast, the heat trans- 
ferred by steam includes the amount of heat required to change the 
water into steam of the same temperature which is about 1000 btu/Ib 
water, 

Therefore, a very high rate of circulation is required in the liquid 
heater to transfer even moderate heat quantities. This adds many new 
problems, especially in connection with proper sealing of joints and 
fittings. 

Concerning the liquid employed for the heat transfer, the Aero- 
nautical Recommended Practices of the S.A.E. suggest the following 
specifications.* The liquid must: 

1. be non-inflammable; 

2, have a boiling point of about 350°; 

3. have a freezing point of about —60°; 

4, be capable of being maintained at maximum temperature for 

prolonged periods without break-down; 

5. be noncorrosive to steel, aluminum and aluminum alloys; 

Obviously, the use of liquid heaters is limited. The main application 
is the heating of certain accessories on large planes and for such tasks 
as the heating of water and food. Liquid heating has also been sug- 
gested for anti-icing and anti-frosting. However, this is practical only 
where comparatively small areas are involved. 

Most of the components used in liquid-type heaters are similar to 
those employed for steam heaters. The transfer liquid is, in practically 
all cases, Ethelyne Glycol. 
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INTERNAL-COMBUSTION HEATERS 


The shortcomings of the previously described heating systems, and 
the rapidly growing and expanding needs of heat supply on airplanes 
made it necessary to explore new methods. This led the Stewart- 
Warner Corporation to adapt to aircraft heating the so-called internal- 
combustion principle, which had been very successful in their South 
Wind automobile heaters. Despite many added problems, this method 
proved so promising that it has been adopted by several other manu- 
facturers and is now one of the most widely-used heating systems on 
American aircraft. 2 

Instead of utilizing already existent heat, the internal-combustion 
heater generates its own supply by burning a mixture of air and fuel— 
normally aviation gasoline—within a combustion chamber. Ventilating 
air is forced over the hot combustion chamber and exhaust and thus 
heated. Like other systems, this method, too, has numerous advantages 
and disadvantages which must be carefully evaluated before deciding 
upon an internal-combustion heater for a particular installation. } 


1.0 ADVANTAGES 


1.1 GRounD HEATING. The main advantage of this type of heater is that 
it is essentially independent from the operation of the airplane al- 
though, in some designs, certain connections to the engine are required 
which can be eliminated by the addition of auxiliary equipment. Self- 
contained, the heater will not only avoid the possibility of interfering 
with the engine but also will function both in the air and on the 
ground. This feature is of the greatest importance and is often the 
deciding factor in selecting an internal-combustion heater as it is the 
only permanently-installed type which provides ground heating. 


1.2 weicurT-vuEar RATIO. Another advantage is the low weight to heat 
ratio which becomes still more favorable with increasing heat outputs. 
While, only a short while ago, these heaters weighed about one pound 
per stu, improvements during the past few years have decreased this 
ratio to as little as one pound per 10 stu. 


1.3 HEAT capaciry which can be obtained is quite surprising and 
. * oo a fe a 
surpasses those of conventional exhaust air heaters, Outputs of 500 stu 
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have been achieved with experimental units, and 300 to 400 stu are 
definitely practical. 


4 appiication. Being independent of location, and adaptable to most 
any required shape, these heaters can be placed where they serve 
their purpose best, without extensive ducting. This makes them suitable 
for the heating of the empennage and other portions of the plane to 
which heat from exhaust heaters could not be easily piped. Since they 
permit a great variety of combinations, they can be used for prac- 
tically every application on an airplane. 


1.5 ruextenmsrry. Their control covers a wide range of heat outputs and 
ean be either manual, full-automatic or both. The flexibility of the 
system is such that it may utilize some of the other components of 
the plane for operation or be wholly self-contained and portable, and 
operate even if it is entirely removed from the airplane. 


2.0 DISADVANTAGES 


2.1 me HAZARD. One of the main objections to the use of internal- 
combustion heaters on aircraft is the presence of a fuel-burning unit 
within the fuselage. Any damage to this unit or its components might 
cause a fire in the cabin. This danger is even greater, if the fuel-air 
mixture is supplied by the engine carburetor—which is the case in 
some designs—and lines carrying this mixture pass through the cabin. 
It cannot be denied that such a danger exists, however, it is usually 
well taken care of by proper design and so minimized that it can be 
disregarded. Combustion chamber and other parts, enshrouding burn- 
ing or hot gases, are made from carefully selected steel alloys which 
are thoroughly tested for all contingencies of operation, even under 
enemy fire. Furthermore, most heaters are provided with controls 
which will shut off the heater and fuel supply immediately, if the 
operation of the unit is affected in any way. 


2.2 carson MoNosIDE. Still more objectionable than the presence of a 
burning fuel inside the cabin is the danger of carbon-monoxide infiltra- 
tion in case the combustion chamber or exhaust pipe from the heater 
is damaged. This danger, too, can be minimized by suitable design 
of the heater and by keeping the length of the exhaust as short as 
possible. Further, it is advisable to install some type of carbon- 
monoxide control which will shut, the heater off and penmit the free 
circulation of fresh air in case an undue amount of CO should escape 
from the heater or heater exhaust. Realization of this danger has 
resulted in designs which all but eliminate it. However, these methods 
are not available for discussion at this time. 
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2.3 FUEL consumption. A further disadvantage of the combustion 
heater is a direct consequence of the principle employed, namely the 
consumption of fuel. The data given for the heating value of aviation 
gasoline vary considerably and range from 19,000 to 21,000 btu/Ib. 
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Fig. 59 


A value of 20,000 btu/Ib is, however, an acceptable average and well 
borne out by tests. 

Assuming that a bomber is equipped with a combustion heater of 
200 stu rated capacity, and that the heater is operated at full output 
and an overall efficiency of 85% for 8% hours, then a total of 100 Ib 
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or over 16 gal of gasoline would be consumed. Considering the im- 
portance of every ounce of weight on an airplane, the addition of 
100 Ib for operation of the heater seems unreasonably high, On - 
other hand, landing gears or automatic pilot also contribute quite 
bit of weight but are not omitted because they constitute accessories 
without which the plane is not fully operative. The weight expended 
for a heater and its fuel should be considered in the same light, 

In addition, a heater is rarely operated at its maximum output 
during the entire flight, and the relative fuel consumption is usually 
a diveet function of the size of an airplane. This is illustrated by the 
foll owing example: A fighter is provided with a cockpit heater of 30) 
stu capacity which is operated at full heat output for one hour and 
at half output for two ane At 85% efficiency, the total fuel consumed 
is only 0.39 gal or 2.35 |b. In both examples, the weight of the fuel 
consumed is a nedtiginle percentage of the gross weight which is 
particularly true, if the overall efficie sncy of the heater is high. 

The curves shown in Fig. 59 offer au interesting comparison of fuel 

rhts required for given heat outputs at different heater efficiencies. 


2.4 conrron. A common criticism in connection with early combustion 
heaters concerned their starting and control. E specially at high alti- 
tudes, ignition was difficult if not impossible; even on the ground it 
was frequently accompanied by a series of violent explosions. Control 
during and after starting consisted of a number of operations requiring 
time and skill. 

This criticism does not apply to the models being manufactured 
now. Development of automatic controls for ignition and operation 
has all but eliminated the previously experienced difficulties. 


2.5 ALTITUDE OPERATION. The foregoing is true for another problem: 
combustion air supply at high altitudes. This difficulty, too, can be 
considered eliminated; modern combustion heaters will operate at any 
altitude at which airplanes fly. 


2.6 teapinc. Some difficulties are also encountered through accumula- 
tion of lead deposits which are formed during the combustion of 
leaded gasoline. As the lead particles are very small-only a few 
microns in diameter-they settle as a fine dust which, after a while, 
will begin to interfere with the proper operation of the heater. Although 
lead deposits can be removed easily, this is a service requirement 
which may be objectionable if it is too frequent. However, burner 
improvements have resulted in overcoming the interference of lead 
deposits so that no removal is required for at least 100 hours of 
continuous operation. : 
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8.0 Desicn ConsiperaTioNns 


The internal-combustion heater consists, essentially, of the following 
components: 


Means for supply of combustion air; 
2. Means for supply of ventilating air; 
8. Means for supply of fuel; 

4. Means for ignition; 

5. Combustion chamber; 

6. Means for heat transfer; 

7. Exhaust; 

8. Housing; 

9. Controls. 


Sos 


Proper design of these components is based on a number of con- 
siderations which are discussed below. 


3.1 suppty oF compBusrion Ain. The air weight oe by internal- 
combustion heaters to burn a unit weight aE gasoline is usually from 
13.5 to 15 times that of the fuel as will be further analyzed in con- 
nection with combustion. Thus, a heater of 80 stu capacity which 


‘burns 4 Ib/hr of fuel, would require at least 13.5 < 4, that is, 54 Ib/hr 


of combustion air, At sea level, this amounts to: 


This volume is not very large but must be supplied at sufficient 
pressure to overcome the resistance in the system. The back pressure 
varies considerably for different types of heaters and, for 12 cfm, may 

range from 2” to 6” H,O, depending mainly on the construction of 
the heat exchanger. However, 12 cfm at such pressures can be readily 
supplied. by the ram during fl ight. ‘ 
_ It shall be assumed now that this heater must function at an alti- 
tude of 35,000 ft at which the air density is about one third of that 
on the ground, or 0.025 |b/cu ft. In this case 3 X 12 =< 36 efm must be 
supplied in order to maintain the same mass flow of air, As shown in 
a previous chapter, this will increase the back pressure approximately 
in proportion with the increase in volume so that: 


he = hy X Va/Vs (1) 
in which the suffixes a and 5 again denote altitude and sea level, 


respectively, /: the pressure in inches H,O and V the volume in efin. 
Thus, in the foregoing example: 


he = 6 X 36/12 = 18” H,O 


In order to supply this amount and at this pressure, the speed of 
the plane cannot be too low or a blower must be used for the supply 
of the combustion air. This is unavoidable if the plane is to be heated 
on the ground, 

As stated before, the horsepower required to drive a fan or blower 


is determined by the following formula: 
P (in hp) = K X q X h/33,000 X e (2) 
in which: K = 5.2 


h = pressure, in inches H,O 

es efficiency of fan, which shall be assumed to be 0.65 
Thus: P. = 5.2 X 12 X 6/(33,000 < 0.65) 
and: P, 


P= 5.2 ~ 86 & 18/(33,000 X 0.65) 
and: P, = 0.157 hp or 117 watts. 


Even this figure is not excessive and may induce the designer to 
supply the combustion air by means of an electrically driven fan both 
in the air and on the ground, and thus avoid a scoop. There is, how- 
ever, one factor which should not be overlooked, and that is the need 
for supplying an added and larger amount of air for ventilation. 


3.2 suPPLY OF VENTILATING AIR, The problems involved in calculating 
the air quantities necessary to transfer a given amount of heat, at a 
specified temperature differential and density, have been discussed in 
Chapter XIL As will be remembered, these factors are connected by 
the following relationship: 


H=60X%exXqxXdXAl (3 


Thus, if the heat output in btu/hr and the temperatures from and 
to which the ventilating air is to be heated are given, the necessary air 
quantity can be readily calculated. Since the value for d—the density 
of the air—is the highest for sea-level conditions, the maximum heat 
amount at constant volume is required for flight at minimum altitude 
although the temperature differential is somewhat smaller. This is 
quite obvious since at about 35,000 feet, the density is only one-third 
of that on the ground while the temperature differential increases by 
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not more than a few per cent. For instance, the desired cabin tem- 
perature may be specified as 70° at all altitudes while the D.O.A.T. is 
~— 60° on the ground and ~100° at the ceiling. 


Then: At, == 180 

and: Ata = 170 

Consequently: At, = At, X 18 

Since, Hy = Hs X da/ds % Ata/Ats (4) 


and, at 35,000 feet: d, == ds/3 
H,= H,X 1/8 X13 = Hy, X 0.43 

Therefore, the heat quantities needed to keep a given volume of air 
at a specified temperature decrease with altitude, and the maximum 
capacities of heating plants must be based on sea-level conditions. 

These considerations apply only for constant air volume. If, however, 
the mass flow of the air must be kept constant at all altitudes, calcula- 
tions for air quantities must be made for conditions at maximum ceiling. 
Assuming that, for instance, a constant mass flow of 1000 lb/hr of air is 
specified, 13,350 cu ft/hr of air have to be supplied at sea level while 
40,000 cu ft/hr are required at 35,000 ft. 

If the mass flow is constant, heat requirements increase slightly with 
altitude since the temperature differential increases. By the same 
token, operation of the heater at maximum output will then result in 
higher cabin temperatures on the ground than at altitude. 

Although these considerations are quite elementary, it is necessary to 
discuss them since their disregard has often resulted in impossible 
specifications and design. The main factor to remember is that all 
air passages, back pressures and other items concerning the supply of 
air for internal combustion. heaters must be calculated for the mass 
flow at the service ceiling at which, for constant heat output, air vol- 
umes and resistance to their flow are the highest. 

In calculating the ventilating air rate for the previous example, 
namely a heater of 80 stu capacity, and a temperature differential of 


800°: 


c is again assumed as 0.24 btu/lb/°F and thus: 
q X d= w = 18.5 Ib/min or 1110 Ib/hr 


As this value must remain constant, 247 cfm of ventilating air have 
to be supplied at sea level to maintain the temperature differential of 
300° across the heater while, at 35,000 feet, this quantity increases to 
three times that much, that is, 741 cfm. ~ 

It has been pointed out before that the pressure drop for ventilating 
air across a heat exchanger should not exceed 1” H,O for 1000 Ib/hr 
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of air flow. Assuming that, accordingly, the pressure drop of this heater 
is 1.2” HO at sea level, its value at 35,000 feet for the identical mass 
flow would be: 


Now, if the ventilating air would have to be supplied by a blower, 
the power required to drive it at sea level would be, according to 
equation (2): 

Py = 5.2 X 247 X 1.2/(33,000 0.65) 
and: P, = 0.072 hp or 53.7 watts 
At the service ceiling, these values are: 

P, = 0.646 hp or 482 watts 


Inasmuch as an 80 stu capacity heater would suffice as the sole 
source of heat supply only on a cabin plane and, if used on a larger 
plane, would furnish merely a fraction of all heat requirements, 482 
watts for the supply of the ventilating air is rather high. In addition, 
the weight of a suitable motor and blower combination may be objec- 


tionable. Therefore, most designers hesitate to use blowers for this pur- 


pose unless ground heating is specified. Even in this case, a scoop may 
be used during flight instead of the blower in order to avoid excessive 
drain of electric current. 

On the other hand, it is always advantageous to eliminate scoops, 
particularly on fast planes, because they add considerable drag and the 
ducting from a scoop to the heater or heaters is often more objec- 
tionable than the current consumption and weight of a blower. 

The most desirable method of air supply differs for every installation 
and depends largely on such factors as wishes of the procuring agency, 
suitability of ducting, requirements of ground heating, availability of 
current, and reasons for or against the use of scoops. Since the supply of 
combustion air requires comparatively small quantities at high pres- 
sures while the ventilating air must be supplied in greater quantities 
but at low pressures, it is often feasible to separate the two supplies. 
Thus, the designer can choose between the following combinations: 

a. Common scoop for combustion and ventilation; 

b. Separate scoops for combustion and ventilation; 

c. Blower for combustion, scoop for ventilation; 

d. Scoop for combustion, blower for ventilation; 

e. Common blower for flight and ground operation; 

f. Common blower for ground operation only; 

g. Separate blowers for flight and ground operation; 

h. Separate blowers for ground operation only. 

Usually, the choice of the most suitable combination is not difficult. 
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In some planes, there may be room for a scoop of sufficient size while 
the available ram pressure would be insufficient for the combustion air 
supply. This necessitates a small blower for the latter only. On other 
planes, there may be enough ram pressure but objections to a scoop 
large enough to take care of both ventilating and combustion air needs. 
This problem is solved by providing a scoop for the combustion air 
and a blower for ventilation. 

On another plane again there may be no objections to the additional 
weight of a permanently installed blower but no electric current can 
be sacrificed to drive it. In this case a satisfactory installation would 
suggest the use of scoops in the air and blowers on the ground, with 
a small gasoline engine added to furnish the motive power. 

Separate blowers are usually indicated in cases where a small, Roots- 
type blower is needed to furnish small quantities of combustion air 
against high back pressures while a squirrel-type blower, or coaxial 
fan, supplies the ventilating air. 


3.3 ruEL supply. The fuel used in internal-combustion heaters is nor- 
mally leaded aviation gasoline of 100-octane rating. There are some 
exceptions which, however, are not of major inyportance and will be 
discussed later. 

Conventional methods of fuel supply fall into two classes. In the 
first, a fuel-air mixture is drawn from the carburetor of the engine. The 
advantage of this method is the elimination of additional means for 
combustion air supply and all of the problems connected with it. On 
the other hand, connections to the engines are not favored since any 
irregularity in the operation of the heater may affect the engine fuel 
supply. Furthermore, the presence of lines carrying a highly com- 
bustible mixture within the cabin is quite dangerous. Therefore, in 
selecting this method of fuel supply for a heater, it is necessary to 
weigh its simplicity against the hazards which it entails. 

In the second method, the fuel is drawn directly from the fuel tanks 
of the airplane. This can again be accomplished in two ways, namely by 
gravity feed or by forced feed. If gravity feed is employed, the heater 
must be located enough below the tanks to obtain the necessary head 
for proper fuel‘flow unless the fuel is supplied under pressure from 
the tanks, which is not uncommon on large planes. In this case, a fuel 
pressure regulator should be inserted into the fuel line. 

The advantage of forced feed is the independence of the heater from 
its location and from variations of fuel pressure in the tanks or supply 
lines. The pumps used for this purpose are either hydraulically or elec- 
trically driven. Electric pumps of the rotary type consume less than 1 
amp of current and deliver up to 5 gal/hr at a pressure of several inches 
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Hg. Since their weight is small—about 2 Ib—it is worth using such a 
pump to have the assurance of proper fuel flow. In addition, a rheostat 
inserted into the circuit of the series-wound motor permits convenient 
modulation and remote control of the fuel flow and thus, of the heat 
output. 

Filters in the fuel line are always desirable and are essential if fuel 
injection is used instead of conventional carburetion. In the former, the 
fuel is injected into the combustion air stream through a fine nozzle 
which may be quickly closed by even minute particles and thus cut 
off the fuel supply. 

The choice between carburetion and fuel injection should be left 
to the heater manufacturer. In the experience of the author, fuel in- 
jection is usually preferable as its permits better control of the fuel- 
air mixture, particularly at low temperatures and densities. 


3.4 16Nrr1I0N, Opinions are sharply divided as to the best means of 
ignition in internal-combustion heaters. The more common method is 
to use one or two spark plugs in the combustion chamber which are 
excited in conventional manner by means of vibrator and coil. The 
main advantage of this system is the low current consumption and 
long life of plugs. 

In the hot-wire method, ignition is effected by a wire loop or coil 
which is electrically heated above the ignition temperature of the fuel, 
usually to between 1300° and 1400°F. The advantages of this method 
are a larger ignition area, simplicity and smaller weight. In addition, 
it permits an instantaneous and positive control, if the ignition should 
fail. 

With spark-plig ignition, failure may occur although the electric 
circuit is still intact, for instance, if the electrodes of the plug are cov- 
ered by carbonized fuel so that no, or only irregular, sparks pass 
between them. This results in the accumulation of combustible mixture 
which, if finally ignited, will explode with possible damage to the 
heater. 

Hot-wire ignition can fail only if the supply of electric current ceases 
which would shut the entire heater off—or if the igniter wire burns 
out. In this case, a relay, in series with the igniter wire, can be used 
to shut off the fuel supply immediately. This safety feature is of great 
importance and speaks heavily in favor of hot-wire ignition. 

The main disadvantages of this method are the relatively short life of 
the igniter wire and its current consumption. If the wire is exposed to 
the fuel-air stream, the cooling effect of the latter requires relatively 
large currents to keep the wire above the ignition temperature of the 
fuel and results in shorter life. However, if the wire is placed in a 
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comparatively cool and draft-less part of the combustion chamber, it 
will be found that, while ignition is just as good or even more positive, 
not only smaller currents suffice but also that the wire lasts longer. Life 
can be further lengthened by placing shields, screens or baflles around 
the wire. Dependable ignition can thus be obtained with as little as 
35 watts. An igniter of this type is shown in F ig. 50-A, 

Nichrome V wire appears to be best 
suited for this purpose. Experiments 
with platinum wires showed marked 
disintegration and quick burn-outs. 

Another question to decide is 
whether the ignition should be kept on 
during the entire operation of the 
heater or turned off as soon as ignition 
has taken place. In the latter method, 
it is necessary to add a_ thermostat 
which means another service part 
which may fail. Apart from mechanical 
difficulties, thermostats for such appli- Fig, 59-A 
cations are not always dependable and 
have a time lag which permits the accumulation of combustible mix- 


‘ture and subsequent explosions. On the other hand, permanent opera- 


tion of the ignition entails a continuous current drain and greater 
wear but makes ignition simpler and more dependable. 


3.5 combustion. In order to burn fuel, there must be a certain supply 
of oxygen. Since it is impractical to use pure oxygen, it is common 
practice to supply air in such quantities that the amount of oxygen 
contained in the air meets the combustion requirements of the fuel. 
The weight of air necessary for the perfect combustion of a pound 
of fuel can be determined by the use of the ultimate analysis of the 
fuel and is then found by the following formula as given in the H eating 
Ventilating Air Conditioning Guide for solid and liquid fuels: ; 


W = 34.56[C/3 + (H — 0/8) + 8/8] (5) 


in which W is the air weight required for combustion of one pound of 
fuel, and C, H, O and § represent the percentages by weight of the 
elements designated by these symbols. 

An approximate value of the theoretical air yequirements for any 
fuel can be found by means of the following relation: , 


0.755 X I 


iu oes u/Ib 


[ 159] 


Since the heating value of aviation me is about 20,000 btu/Ib 
equation (6), if applied to parole, yields 
W = 15.1 

In other words, the theoretical, approximate fuel-air ratio for gaso- 
line is about 1:15 which checks very well with empirical and calculated 
data. Ordinarily, somewhat richer mixtures are used for internal-com- 
bustion h saters, and a fuel-air ratio of 1:13.5 is quite common. 

Actually, more air should be supplied for perfect combustion than 
the amount theoretically required. The difference between these two 
air amounts is called the “excess air.” Thus the 


1 Theoretic: al Air 


ee, 


aE heore stical ‘Air 


Percent Tixeess Air = 


The Heating Ventilating Air Conditioning Guide gives the following 
equation to determine, with reasonable accuracy, the amount of air 
actually supplied for one pound of most solid and liquid fuels: 

3s 036 N, 
» + CO) 


Gc 8) 


Ib dry air supplied per tb of fuel = ~ 
) ( 
in which CO,, CO and N, are percentages by volume from the flue gas 
analysis and C is the weight of carbon burned per pound of fuel, 
corrected for losses. 
If the fuel-gas analysis is made by means of an Orsat apparatus, the 
following formula will be found to be quite useful and is also suggested 
by the Heating Ventilating Air Conditioning Guide: 


‘ 100(02 — CO/2) fs 
Percent excess air = ~ See 9° 
SE UE ES > Mee O.20A = Og = CO/D) 


The importance of weight considerations on an airplane makes it 
mandatory that the efficiency of combustion in internal-combustion 
heaters is the highest possible. Therefore, the proper supply and regu- 
lation of combustion air must be closely checked during tests by means 
of the above methods. 

A most difficult problem in this connection is the preservation of 
constant mass flow at all altitudes, as previously discussed. In some 
heaters, this problem is eliminated by drawing the fuel-air mixture 
from the engine carburetor in which case no further-compensation is 
necessary. Howe ever, this scheme is not at all favored for the reasons 
outlined before. 

In planes with low service ceilings it often suffices to use a conven- 
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tional carburetor in the heater and adjust it for a lean mixture on the 
ground. As the plane ascends to greater altitudes, the mixture will be~ 
come increasingly rich but still remain combustible although difficul- 
ties may be encountered with ignition. 

If the plane has a service ceiling higher than 12,000 ft, means for 
regulation of mass flow must be provided. This can be accomplished 
by one of two systems, namely positive or negative supercharging. 

In positive ipl an a blower supplies increasing quantities of 
combustion air as the plane ascends and delivers conrespondingly more 
power to compensate for the greater back pressures. The regulating 
medium is usually a device containing sealed bellows which will ex- 
pand with increasing altitude and operate either a rheostat in the 
blower circuit or a damper in the air duct. This method has not been 
found to be entirely satisfactory inasmuch as the action of the bellows is 
somewhat. erratic and sluggish, and not entirely eu to the 
air volumes required. Better results are obtained, if the combustion 
air is supplied by the cabin supercharger of the plane where such a 
scheme is possible. 

Negative supercharging, as introduced by the author some years 
ago, is based on Sere all components of air supply for the highest 
ceiling at which the heater is expected to function, pe: into account 
both the volumes and pressures at that altitude. As the plane descends 
and the density of the supplied air increases, the excess air is by- 
passed and excess pressures throttled by means of automatic pressure 
and volume regulating devices. Practice has shown that this method of 
operation is quite effective and dependable, and that rather close con- 
trol of constant mass flow can be obtained, even at very great altitudes. 

If internal-combustion heaters are not provided with air-flow con- 
trols, the fuel-air mixture will become the richer the higher the altitude 
until combustion is no longer possible. Long before this: point is reached 
it is difficult, and finally impossible, to ignite the heater, 

Consequently, the service ceiling of a heater is the highest altitude a 
which the heater not only operates at its full, rated heat output but can 
also be readily ignited and re-ignited. The absolute ceiling then is 
the altitude at which even sustained combustion of the ieatey ceases 


for lack of oxygen. 


3.6 HEAT TRANSFER, The efliciency of internal-combustion heaters is 
mainly determined by the Sash iaes of transferring the heat which is 
generated during the process of combustion, to the ventilating air. 
Heat transfer may be accomplished in a number of ways which 
range from the use of small fans blowing air over the combustion 
chamber in low-capacity heaters to blowers forcing consider rable 
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quantities of air through and over large transfer surfaces in heaters 
with high outputs. In general, one of the following three methods is 
employed; (a) Air is blown over and along the combustion chamber 
whick: may be provided with fins or other means to increase its second- 
ary surface; (b) Air is blown over and along the exhaust pipe which is 
arranged in banks and designed for a maximum of both primary and 
secondary surface; (c) The third method is a combination of the pre- 
vious ones. 

Ordinarily the latter method is favored since some cooling of the 
combustion chamber is always necessary in order to relieve thermal 
stresses, and the need for high efficiencies requires recovery of the heat 
in the exhaust gas. 

The linitadone imposed on heat transfer are due to considerations 
of weight and space, and the endeavor to keep the resistance to air flow 
in the en and ventilating air lines as low as possible. On the 
other hand, the conditions in the combustion circuit are somewhat 
more favorable than they are in an exhaust-gas heat exchanger. While, 
in the latter case, every inch of added resistance would decrease the 
efficiency of the airplane engine, no such problem exists in an internal- 
combustion heater. Therefore, somewhat higher back pressures are 
permissible although they should not be such ‘as to aggravate the diffi- 
culties of combustion air supply, particularly at high altitudes. As a 
consequence, the efficiency of internal-combustion heaters is normally 
quite high and may reach 85% of the heat value of the fuel, with even 
higher percentages being claimed. 

Design details of various heat transfer units as employed in internal- 
combustion heaters cannot be released for the present. However, their 
fundamental principles are similar to those of exhaust-gas heat eX- 
changers which will be discussed, at greater length, in a following 
chapter : 


3.7 expaust. Most internal-combustion heaters use a closed combustion 
circuit in order to minimize the danger of CO contamination and fires 
within the cabin. This circuit begins with the intake scoop and ends 
with the exhaust spill, with no openings inside the cabin. While the 
piping and connections leading to the heater are not very critical, 
conditions for the exhaust are differ: ent since it carries gases which are 
not only very hot but also highly toxic. 

It is necessary to keep that length of exhaust which is not needed 
for heat transfer as short as possible and to provide a small spill near 
the heater located in the skin where a negative pressure exists so that 
the exhaust gas is aided in its escape. Furthermore, precautions must 
be taken to prevent the return of the spilled gases into the cabin 


[ 162] 


through adjacent cracks and openings, particularly if personnel is 
stationed nearby. 

Serious thought must also be given to the possibility of damage to 
the exhaust line, caused cither by wear, accident or enemy action. 
In one system this problem had been solved by inserting the blower 
into the exhaust side and using it as a pump rather than a Blown thus 
creating a negative pressure inside the pipe with respect to the outside 
atmosphere. However, this system has other disadvantages which more 
than offset this advantage, especially in connection with combustion 
at altitude. 

Since carbon monoxide is odorless, the safest method to prevent its 
unnoticed escape from any of the heater components is to provide ¢ 
CO indicator which will tum the heater off, if exhaust gas should leak 
into the cabin. 

As a protection against the heat transmitted by the pipe it is ad- 
visible to cover it with a heat-insulating material. In spite of that, it 
should be kept at a reasonable distance from such devices or materials 
which may be affected by heat, and from accidental contact with 
personnel. 


3.8 nousinc. Due to the inherent dangers of internal combustion, par- 
ticular attention must be ¢ given to the heater housing and the mounting 
of its components. Like all other aircraft accessories, the heater should 
be compact although every single part must be easily accessible. The 
occasional need for servicing, replacements and removal of lead de- 
posits should not entail major disassemblies, 


Fig. 60 
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At the same time, the construction and mounting of all parts, par- 
Henlarly the combustion chamber and controls, must be such as to 
withstand shock, vibrations and the gravitational forces encountered 
in flight. An example of such a construction is shown in Fig. 60 which 
represents the inside of a propane-fired Airmax Altiheater. As can be 
seen, all parts are fastened to a rigid frame which can be lifted out of 
the housing and is thus accessible from all sides. 

One of the requirements of good heater design is that its housing 
can be so shaped as to fit into most any available space. Heaters over 
80 stu capacity are usually cylindrical for this reason, as shown in the 
photographs on the following pag 

The .practice of putting numerous meters, indicating devices and 
lights on the heater housing should be discouraged. In view of the 
fact that the flight crew has to watch already too great a number of 
instruments which are vital for the operation of the airplane, it 
would be unreasonable to expect that any time is left for scientific 
study of the heater performance. In the majority of cases the heater 
will be mounted in a location which does not permit observation of 
instruments anyway. Manual controls should not be mounted on the 
heater itself but should function by remote control. Neither is it neces- 
sary to provide instruments or warning signals which indicate failure. 
The controls should be automatic so that if anything goes wrong with 
the heater, fuel supply, air and ignition are immediately cut off. The 
simplest and most positive indication as to whether the heater is hirned 
on and working satisfactorily, is the temperature within the cabin. 


S. 


4.0 ContTroLs 

The controls of internal-combustion heaters and most other types of 
aircraft heaters can be divided into manual and automatic controls. 
The latter are designated as either automatic, operating or automatic, 
safety controls. 


4,1 CONTROLS, MANUAL. The manual procedure required to start and 
operate internal-combustion heaters, up to a short time ago, was a 
rather complicated one and consisting of starting the blowers, ignition 
and the initial regulation of combustion separately. In the newer mod- 
els, manual control is limited to a single lever or switch for both remote 
starting and modulation; even this operation may now be fully auto- 
matic. However, it is necessary to retain at least a manual master 
switch, preferably located in the flight deck, which can also serve as 
manual override in emergencies. 

The need for simplifying control makes it desirable to eliminate 
modulating regulation in heaters below 12 stu capacity, and to use 
merely an on-off toggle switch such as denoted by (1) in Fig. 60. 
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Heaters with larger capacities should have a modulating control which 
permits regulation from maximum heat output down to 20% of rated 
capacity. 

If the heat output is controlled by means of a rheostat in the circuit 
of a fuel-pump motor, it is required to have the following series of 
positions: Off-High—Low, since a high impulse is needed to overcome 
the initial inertia of the pump and motor after turning the heater on. 
The disadvantage of this arrangement is that it makes automatic pro- 
portioning control somewhat more complicated inasmuch as such con- 
trols tend to modulate from high to low to the off position and vice 
versa, 


4.2. CONTROLS, AUTOMATIC, OPERATING. The main objection to automatic 
controls in aircraft heaters is the problem of their dependability. Both 
in the case of automatic operating and safety controls, failure of the 
one or the other may have serious consequences. On the other hand, 
a certain amount of automatic control is essential to make the opera- 
tion of the heater simple and safe. 


4,21 Modulating Control—Most important of the automatic operating 
controls is the one for modulation of the heat output. It may be one 
of the following: 


4.211 On-off Control—This control is operated by a thermostat which 
starts the heater, if the ambient temperature drops below a pre- 
adjusted minimum, and shuts the heater off, if the temperature reaches 
a likewise pre-adjusted maximum. The differential between the maxi- 
mum and minimum positions is determined by the sensitivity of the 
thermostat. This contro] is used mainly for heaters with low heat out- 
puts and for the heating of accessories. 


4,212 Hot-cold Air Metering Control consists of one or more thermostats 
which operate a proportioning device. This device, in turn, adjusts 
a set of dampers or similarly regulates air flow in such a manner as 
to permit more or less cold air to mix with the heated air. In order 
to keep the air flow along the heat exchanger constant, the unused 
portion of the hot air is spilled overboard. The output of the heater 
is usually unchanged so that the total heat expended remains the same 
although the air temperature is increased or decreased, as the case 
may be. 

In large cabins, several thermostats are arranged in parallel and so 
distributed as to maintain a constant, average temperature throughout 
the cabin. It is not unusual to place at least one thermostat in the 
foul-air spill since the temperature of the used air is indicative of the 
cabin temperature. The desired temperature range is adjusted by 
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means of a regulator, loc vated in the fight deck or inside the cabin and 
year a thermometer , as shown in Fig. 61, which ilhistrates the auto- 


ieee heat control aboard an Eastern Airlines transport. 
The metering devices for po- 


sitioning of the mixing dampers 
may be | based on one of a num- 
ber of principles. In the Cun- 
ningham Control of the General 
C Guauls Company the increase 
or decrease of the cabin tem- 
perature will expand or contract, 
respectively, a gas inside a bulb. 
This pressure ‘change is trans- 
mitted to a bellows which serves 
to regulate the hydraulic pres- 
sure in the operating mechanism. 
This control is shown in Fig, 62. 


Pig. 61 The Barber-Colman control uses 
a proportioning motor which is 
shown in Fig, 63. The control manufactured by Minne apolis-Honey- 


well employs an slectioute principle. 

Controls of this type are usually found in connection with exhaust 
air heaters in which the mass 
flow of ventilating air over the 
heat exchanger should remain 
constant to prevent overheat- 
ing. However, they, are also 
used in other heating systems 
of the central-heater variety. 


4.213 Fuel-metering Control—In 
this method the output of the 
heater itself is modulated. The 
automatic metering device may 
be similar to one of those de- 
seribed under 4.212 and regu- 
late the fuel flow either by 
means of a necdle valve or, in heaters employing integral fuel pumps, 
by changing the s speed of f the pump. 

Simu Haneous control of the ventilating air flow is necessary, if 
it is required to maintain constant outlet temperatures, This can be 
accomplished either by tandem operation or by a separate control, 
such as a thermostatically operated shutter in the ventilating air outlet. 
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Fig. 62 


In internal-combustion heaters, regulation of the combustion air with 
change in fuel flow is normally copied with the high-altitude control 
for constant mass flow. 

Fuel-metering control is mostly used in internal-combustion heaters 
but is also quite common in ex- 
haust steam or liquid heaters in sto 
which, instead of the fuel, the ; 
flow of steam or the hot liquid 
is regulated. 


22, Altitude Control--While the 
controls discussed above apply 
to most types of aircraft heat- 
ers, the following are exclusive 
for internal-combustion heaters. 
Very important in this respect is Fig. 63 
the previously discussed [igh- 

Altitude Control which maintains constant mass flow of the combus- 
tion air at all altitudes (see 3.5). Installation of such a control in an 
Altiheater is shown in Fig. 60 (2). 

Regulation for constant mass flow of the ventilating air must be in- 
corporated if its lack would result in objectionable overheating of the 
air at altitude. This is best illustrated in the following ons in 
which a 50 stu capacity heater is needed for anti-frosting of a trans- 
parent enclosure, If the air flow is adjusted for a sea level D.O.A.T, of 
—35° and a warm air temperature of 165°, then, according to equa- 


- tion (3): 


50,000 = 
and: qs 


60 X 0.24 X g X 0.075 & 200 
232 cfm 


If the air volume would remain unchanged up to an altitude of 
35,000 feet, the temperature differential at that eae would be: 


Aly = Ats X 0.075/0.025 = 600° 


Even with an outside temperature of — 100°, the temperature of the 
heated air would still be 500° which, of course, is far too high for the 
indicated purpose. 

If the air flow at sea level is caleulated for Jower than rated heat 
output and the output increased at high altitude—cither manually or 
automatically—the change in the te ia ure differential would be 
even more drastic. Since decrease of heat output at higher altitudes 
would defeat the purpose of the heater, there remains only a pro- 
portionate increase in air volume to prevent overheating of and damage 
to the twansparent enclosure. (See 4.213.) : : 
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4.93 Fuel Pressure Control is always desirable and particularly needed 
in heaters which do not use forced fuel such as supplied by a pump. 
The lack of this control will aggravate regulation of the proper fuel-air 
ratio and efficient combustion. A control of this type is shown again 


in Fig. 60 (8). 


4.94 Ignition Control is operated by a thermostat within the heater 
which turns the ignition off as soon as combustion takes place. 


4.3 CONTROLS, AUTOMATIC, SArETY. The purpose of the automatic safety 
controls is to make the heater inoperative, if its operation is affected 
in any way. In this case, fuel and air supply as well as ignition should 
be shut off immediately, and starting of the heater be made impossible 
unless the cause for shut-down has been remedied. 


4.31 Ram Control is operated by the static pressure of the ventilating 
and combustion air and shuts the heater off, if one or both of these 
supplies are insufficient for safe operation. In heaters which are pro- 
vided with blowers for ground operation and scoops for flight, the ram 
control may be used to turn the blower on automatically, if the heater 
is operated on the ground or the ram falls below a set minimum. In 
Fig, 60 (6) shows a model of such a control. 


4,32 Ignition Safety Control—As previously mentioned, a relay inserted 
iat = NY L ? a: te a 
in series with a hot wire igniter will turn the heater off, if ignition 
fails. A control of this kind is denoted by (5) in Fig. 60. 


4.33 Fuel Control—The purpose of this control is to shut off ignition 
and air supply, if there is insufficient or no supply of fuel, so as to 
prevent explosions due to irregular fuel flow, excessive leading and 
tarbonization of the combustion circuit, useless current drain and 
introduction of unheated air. 


Fig. 65 
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4.34 Shut-Off Valve—iInsertion of an automatic shut-off valve into the 
fuel supply line is mandatory in order to stop the fuel flow immediately 
in case of failure. This valve is usually operated by one of the other 
safety controls, such as the ram or ignition control. Figure 64 shows 
a General Controls shut-off valve for liquid or gaseous fuels which 
is solenoid operated. A similar model, but for fuel-air mixtures sup- 
plied by the engine, is shown in Fig. 65. 


4.35 Overheat Control consists essentially of a thermostat which cither 
operates a shutter to permit larger flow of ventilating air with inereas- 
ing temperature, or turns the heater off, if the maximum pre-adjusted 
temperature is exceeded. 


4.36 CO Control, discussed before, operates a relay in case the per- 
centage of carbon monoxide in the ventilating air or in the cabin 
reaches the permissible limit, usually one part in 20,000. The relay, 
in turn, shuts the heater off and may also be used to open the fresh 
air intake fully. Occasionally, it is specified that a warning signal be 
set off by the relay, too, 

It is not absolutely essential that all of the controls enumerated above 
are incorporated in a heater to make it foolproof. In some cases, one 
or another control can be omitted or combined with others, Further- 
more, every added control is a potential source of failure. Therefore, 
in specifying or designing an internal-combustion heater, it must be 
attempted to obtain the maximum degree of safety and dependability 
with a minimum of both manual and automatic control devices. 


5.0 SPECIFICATIONS 


One of the greatest difficulties in producing heaters to given speci- 
fications is the fact that, quite often, these specifications are either 
incomplete or unreasonable. It must be realized that, in specifying one 
factor, another may be automatically established, and that failure to 
check all factors against each other may make it impossible for the 
designer to comply fully with the expectations of the procuring agency. 

If, for instance, the temperature rise across the heater and its ca- 

pacity are specified, it would be superfluous to specify also a desired 
mass flow for the ventilating air since it is calculated from the former 
data. The following information, however, should always be included 
in specifications for internal combustion heaters: : 
5.1 naTep capacity. Only the required maximum output should be 
specified and not be augmented by a value for the permissible drop 
in capacity with increasing altitude since a well designed heater must 
maintain constant output up to the service ceiling. 
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5.2 service ceminc. This figure may not necessarily coincide with the 
service ceiling of the airplane and should represent the highest altitude 
at which heat may be required. 


5.3 MAXIMUM CURRENT CONSUMPTION. Current consumption does not 
decrease in proportion with decreasing heater capacity since.most con- 
trols, igniters etc., draw a definite amount of current which is little 
affected by the size of the heater and its output. A current drain of 
5 amp at 24 volts of continuous load and 10 amp of intermittent load 
are reasonable figures for heaters exceeding 20 stu capacity. Somewhat 
higher values should be granted for heaters over 200 stu capacity 
as their controls may be more complex, and larger air flows require 
more power for regulation beyond certain limits. 

The current drain of the blowers should not be included since, fora 
given heat output and mass flow of air, this value is definitely estab- 
lished. 


5.4 MEANS OF COMBUSTION AIR supPPLY. As shown before, it is necessary 
to specify whether combustion and ventilating air supply should 
be combined or separate. The next choice is that of a suitable combina- 
tion of scoop and/or blower from the list given under 3.2. The methods 
for calculation discussed in previous chapters provide an indication 
of required scoop or blower sizes under various conditions which 
should be the basis for selection of the most appropriate method. 


5.5 MEANS OF VENTILATING AIR suppLy. The same considerations apply 
as outlined under 5.4. Due to the large air quantities involved, ground 
and flight requirements must be clearly defined. 


5.6 speeD OF TITE AIRPLANE. Minimum, medium and maximum cruising 
speeds must be known in order to determine the ram pressures avail- 
able for scoop operation. 

5.7 MEANS OF FUEL suppLy. It must be stated whether gravity feed or 
forced feed is desired. If the former is specified, the available pressure 
head at the proposed location of the heater must be given. 


5.8 contro. It is necessary to outline which of the following means 
and methods of control are desired: (a) remote or heater-panel control; 
(b) manual or automatic; (c) on-off or modulating, 

Modulating control for internal-combustion heaters should never be 
required to go below 20% of rated capacity. 
5.9 uoustnc. Whenever possible, regular production units should be 
selected in which the components are arranged in the best possible 
manner, as developed through numerous tests. However, if special 
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conditions exist which require odd shapes of the heater housing, 
enough space must be allotted to permit a suitable installation. This 
space should not be determined by the cubical content of a produc- 
tion heater housing as many parts cannot be condensed in their re- 
lationship to each other. 


5.10 power suprty. If it is desired to obtain an integral gasoline en- 
gine with the heater to supply the motive and electric power for its 
operation, no further specifications are necessary in addition to the 
statement that such an engine is wanted. 


5.11 MisceLLanrous. Miscellaneous specifications should refer to such 
features as are not commonly found in conventional heaters and are 
necessitated by unusual conditions or applications. 

The minimum outside, ambient temperature (D.0.A4.T.) should be 
considered established by the service ceiling. Weight, efficiency and 
permissible back pressures for both combustion and ventilating air 
supply are likewise based on standardized values which have been 
discussed before. 

Details of design, such as the method of heat transfer, prevention 
of leading, ignition and similar items must be left to the individual 
manufacturer who will attempt to better the accepted values for 
weight, efficiency and current consumption as much as possible with- 
out impairing the safe and efficient operation of his product. 


6.0. TESTING 

Apart from the conventional tests specified for aircraft accessories, 
the following test program should be applied to internal combustion 
heaters: 


6.1 PERFORMANCE TEST. This test must yield complete data on fuel 
consumption, electric current drain, air volumes, back pressures and 
efliciency at various heat outputs from minimum to maximum. 

Incidentally, there are two simplified methods of measuring heat 
outputs in the course of such tests. The first one consists of measuring 
the fuel drawn from a graduate during operation and calibrating heat 
output versus the seconds required for consumption of one ounce of 
gasoline. This method can be employed only if the overall efficiency of 
the heater is known to be stable. 

In the other method, equation (8) is assumed as: 

_H = 60 X 0.24 X 0.075 X q X At = 1.08 X q X at 

Thus, the heat output at sea level equals just about the ventilating 
air quantity times the temperature differential across the heater. Since, 
in tests of this kind, the air quantity and inlet temperature are rela- 
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tively constant the performance of the heater can be continuously 
checked, with fairly good accuracy, on a curve showing heat output 
as a direct function of the outlet temperature. 


6.2 auarrupe vest. This test must prove that the heater will operate 
from sea level to its service ceiling, with heat output and air tempera- 
tures remaining constant for fixed settings. 


6.3 coLv Test. The heater should be exposed to a temperature of -- 100° 
until all of its components have reached that temperature. Then the 
temperature should be increased to —60°, and the heater must here 
start and operate without effort. 


GA sranrinc ‘test. The heater must start immediately and without 
explosions under the following conditions: 

a. In all positions; 

b. At all settings of the modulating control; 

ce. At all altitudes from sea level to service ceiling; 

: Within any time after shut-down (hot-starting test); 

At any temperature above ~-60° (cold-starting test). 

dope combustion must take place within one minute after start, 
and full rated heat output must be delivered within three minutes after 
start. 
6.5 Lure ‘resr. In order to test the heater under conditions of maximum 
heat and mechanical stresses, it should be mounted on a vibrating 
support and operated in the following manner: Three hours at maxi- 
mum output, one hour of cooling off, three hours of maximum output, 
one hour of cooling off, ete. until one hundred hours of actual opera- 
tion are reached. The heater may then be taken apart and serviced. 
This procedure is repeated two more times for military heaters, and 
nine more times for commercial units so that the test period of actual 
operation is 300 hours for the former and 1000 hours for the latter, 
with service periods allowed after every hundred hours. 

Higher requirements are not only unnecessary in view of the fact 
that the life of the airplane itself is rather limited, but would also 
result in far heavier and less efficient designs. 


0 REPRESENTATIVE Designs 

The flexibility of internal-combustion heaters is very well illustrated 
by the comy plete line of models manufactured by the Stewart-Warner 
Corporation. As mentioned before, this company has pioneered the 
use of internal combustion for aircraft hee ating and its products are, 
therefore, representative of the work done in this field. 
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The units shown in the following photographs ave some of the 
Stewart-Warner models which are now in use on planes of all makes 
and types. 

Figure 66 shows an 80 stu duct heater which receives its com- 


bustible mixture from connections 
across the aircraft engine super- 
charger. V. entilating air is usually 
supplied by a ram, although a 
blower may be substituted if de- 
sired. 

The heater illustrated in Fig. 67 
is similar to the previous model, 
with the exception that it is rated 
at 40 stu capacity instead of 80. 
Both models lend themselves, 
among others, very well for such 
duct applications as required for 
anti-frosting. Fig. 68 

Figure 68 illustrates a 10 stu , 
engine-connected heater. Ventilating air is supplied by a small, motor- 
driven fan. Its a is only 10% Ib. It is essentially a local spot 
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heater which may be used not only for the heating of personnel but 
also of guns and other equipment. 

The heater shown in Fig. 69 is an adaptation of the previous model 
to unsupercharged airplanes, particularly light planes. In this adapta- 
tion the heater receives ventilating air from a ram while combustible 
mixture is supplied by a separate carburetor. Flow through the 
varburetor and heater is brought about by a venturi located in the 
air stream, The weight of this model is only 8/ tb. 

The heater in Fig. 70 has a capacity of 100 stu and is normally ram 
operated. It has its own carburetor and diverts a portion of the ram 
air for carburetion and combustion. This exceedingly compact unit 


weighs only 29 Ib. A heater of this type is very suitable for empennage 
anti-icing. 

The heater shown in Fig. 71 and the control valve in Fig. 72 are 
normally used together. The heater has an output of 80 stu and is 
intended primarily for use with cabin supercharged airplanes. Air 
from the supercharger passes through the heater and thence to the 
cabin, a portion of this air being diverted for combustion. A proper 
pressure differential across the combustion side of the heater is auto- 
matically maintained at all times and under all operating conditions 
by the automatic regulating valve. 

Figure 73 shows an 80 stu heater which needs only a gasoline con- 
nection to operate. A small gasoline engine drives a centrifugal blower 
for supplying ventilating air and a supercharger which supplies a 
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combustible mixture to the heater and the engine. The heater is 
thermostatically controlled to maintain a constant temperature output. 
Its weight is 102 Ib complete. 
Aircraft heaters of the internal 
combustion type are also pro- 
duced by a number of other 
manufacturers such as the Selas 
Company, Surface-Combustion 
and Solar. The Solar Alti- 
heater shown in Fig. 74 is de- 
signed, primarily, for operation 
at high heat output and altitude. 
Ata weight of only 23 Ib com- 
plete, which includes an integral 
fuel pump, it delivers 250 stu up 
to 40,000 ft. During ground tests, 
capacities as high as 400° stu 
Fig. 74 were obtained with the same 
model, This heater is very well 
suited for applications requiring high capacities in remote sections of 
the plane, such as empennage anti-icing. 


$.0 MiscetLANrous Dersicns 
The method of internal combustion is used in a few other heating 
systems whose principles differ somewhat from those described above. 


8. INTERNAL-COMBUSTION STEAM HEATER shown in Fig. 75 generates 


a a: 
Pig. 73 
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steam by placing a water-carrying copper coil inside of the combus- 
tion chamber. Thus, the heater is a combination of an intemal com- 
bustion and a steam heater, with most of the disadvantages of both 


and but few of their advantages. It has not proven very practical for 
use on aircraft due to its size and weight. In addition, it requires 
a combination of combustion and steam controls which make its 
operation quite difficult and not very dependable. The wnit shown 
had 2 boilers and was rated at 80 
stu. 


8.2 PROPANE-FIRED ALTIHEATER, An- 
other deviation from the conven- 
tional internal-combustion princi- 
ples is the propane-fired Altiheater 
shown in Fig. 76. As its name im- 
plies, it is not fueled by gasoline 
but by propane, a liquefied petro- 
leum gas. The main advantages of 
using propane are that its combus- 
tion products are not toxic and can 
even be mixed with the ventilating 
air. This results in practically 100% 
efficiency and the elimination of 
heat exchangers, which in turn 
brings about a sharp reduction of 
back pressures both in the ventilat- 
ing and combustion air circuits. 
Therefore, a small scoop such as the 


Gage 


one shown in Fig. 76 is sufficient to supply all air needs under most 
conditions, In addition to the greater efficiency, the heat content of 
propane is about 10% higher than that of ¢ gasoline so that a considerable 
saving in the weight of fuel consumption can be obtained. Apart from 

that, the ] lack of heat exchangers permits a lighter and more compact 
unit for comparative heat outputs. 

The fuel is carried in a separate tank, also shown in Fig. 76. This 
particular tank has a capacity of almost 100,000 btu, at an empty 
weight of less than two pounds. It is made from 17ST aluminum and 
provided with a solenoid shut-off valve. Figure 77 shows this tank 
with its fuel pressure regulator, in aaa with a conventional 
propane tank and regulator as used for household and industrial pur- 
poses, An interior view of the heater had been shown in Fig. 60. 

The only major disadvantage of this heater is the problem of re- 
fueling. W hile, during peacetime, propane either is or easily can be 
made available at all ‘janding fields, this supply problem is so serious 
during times of war, that the manufacture of this heater has been 
discontinued for the duration: It has been replaced by gasoline-fired 
units such as the one shown in Fig. 74. 
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XVI 
THEORY OF EXHAUST-GAS HEAT EXCHANGERS 


The apparent complexity of the principles underlying heat transfer 
has deterred many engineers from closer study of this science until 
they were arn to use it. However, once the fundamentals are 
understood, it becomes evident that the theory of heat transfer 
not only quite elementary but covers a wider field than is aes 
realized. 

This is particularly evident in the design of aircraft and its com- 
ponents. Proper heat transfer is needed for the engine as well as the 
supercharger, the anti-icing scheme and the numerous tasks of cabin 
and accessory heating. Another application of increasing proniinence 
is the utilization of the heat in the engine exhaust gases for h sating 
purposes. For this reason a text on aircraft comfortization would not 
be complete without an analysis of exhaust-gas heat exchangers. 

The possibilities of this method of heat supply were pointed out 
in Chapter XIII, and there is no doubt that the | arse heat quantities 
which can thus be recovered without expending fuel or electric cur- 
rent can solve many of the pressing problems of anti- icing, anti- 
frosting and the other requirements of heat supply on modern. air- 
planes. 

It would go far beyond the scope of this book to attempt to cover 
the field of heat transfer or to even discuss aircraft heat exchangers 
to any extent. In addition, design details of these accessories are re- 
stricted for obvious reasons. However, it is essential to be sufficiently 
familiar with the theory of heat exchangers to understand their opera- 
tion and mutual relationship with other components of the airplane 
and also in order to select them properly. 


1.0 FUNDAMENTALS OF Heat TRANSFER 


If two bodies, either fluid or solid, which are of different tem perature, 
are brought in contact with each other, heat will flow from the warmer 
body to the cooler one until the t temperatures of both are the same. 
This is analogous to two vessels which are filled with water at dif- 
ferent levels. If these vessels are connected, an exchange takes place 
and water flows from the vessel with the higher level to the one with 
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the lower level until the height of the water column in both vessels 
is the same. 

In heat transfer, the warmer and cooler fluid are usually separated 
by a solid layer which is called the heat transfer surface. UH heat ex- 
change is not desired, this layer is made of materials which offer 
high resistance to heat flow and is so designed as to have as small a 
common or heat transfer surface as possible. However, if the purpose 
of this arrangement is to transfer the heat contained in one fluid to 
the other, the heat transfer surface is large and thin, and made from 
a good heat conductor, such as metal. 

If both fluids are enclosed in a very well heat-insulated container 
and separated by a metallic wall, the warm fluid will heat the wall 
which, in turn, heats the cool fluid. After a certain length of time, 
both fluids as well as the wall will have assumed the same temperature 
which lies somewhere between the original temperatures of the two 
fluids, The system is now said to be in thermal equilibrium. The length 
of time required for completion of the heat exchange depends on 
numerous factors, such as the conductivity of the wall, the specific 
heat of the fluids, their mass and others. 

If it is necessary to transfer large 
heat quantities in a short time, beth 
fluids must be in motion, and the 


METAL WALL - 


ty 
la 


GAS 
FILM Fg faster this motion, the more rapid the 
ee heat transfer. In other words, the heat 
tgi transter increases with the mass flow 
of the fluids on both sides. 
Eee tole Referring now to Fig. 78, a wall of 


p-VENTILATING the thickness I, separates a hot fluid— 

AIR for instance, exhaust gas—from a cold 

fluid, such as ventilating air scooped 

in during flight. The temperature of 

the exhaust gas is t, and that of the 

Fig, 78 cold air t. Both the air and the gas 

are assumed to be in rapid motion. 

As heat is transmitted from the gas to the air, a certain amount of 

resistance to the heat flow is offered not only by the wall itself but also 

by films F*, and F, on either side which are of indefinite thickness. The 

resistances of the latter are usually considerably Jarger than that of 

the former, Thus, the temperature t, drops to ¢,, at the surface of the 

plate, then to , at the air side of the plate and to ft beyond the air 

filrn Fy. 

If H is the rate of heat flow in btu/hr, and A the area of the plate, 

then the heat flow through the gas film is: 
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H=f, x AX (t,~t,,) 
and for the plate: 
H=k/LD XA &X (ty, — tay) 
and for the air film: 
H=f.X AX (la — be) 


in which f, and f. are the so-called film coefficients of the gas and air, 
respectively, k the thermal conductivity of the wall and the factor K/L 
its thermal conductance. f,, f,, and k/L are measured in btu/hr/°F/ 
unit area, 

The reciprocals of these values, I/fiy I/fe, and L/k, ave the re- 
sistances of the two films and the plate. It should be noted that the 
conductance of the plate contains the element of thickness while the 
factors for the films do not, 

The total resistance to the flow of heat, per unit area, equals the sum 
of the individual resistances so that: i. 


He= V/f, + L/k + 1/f, 
The overall conductance of the plate and films is called U and is 
the reciprocal of R so that: : 
U= I/R 
Accordingly, the heat transferred from the gas to the air is expressed 
by the following equation: . 
H= UX A™® (ty ~ ta) () 


This equation is the fundamental formula in the calculation of heat 
transmission and has been briefly discussed before in connection with 
anti-icing and anti-frosting, Its application to exhaust-gas heat ex- 
changers is somewhat involved and best explained by carrying out a 
sample calculation. : 


2.0 SAMPLE CALCULATION or Hear ExcHANcER 

Since, in many cases, available data are quite meager and incom- 
plete, it is advisable to base all calculations on as few given values 
as possible. Therefore, only the following data shall be assumed as 
known: 

Rated Horsepower of Engine; 1000 


Number of Exhausts; Two 

Fuel-Air Ratio: 0.07 (1:14.38) 

Cruising Altitude: 15,000 ft 

True Air Speed at Sea Level: 200 m/hr. 
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The purpose of the calculation is to find the design data for an ex- 
haust air heater of 250,000 btu/hr capacity and a temperature increase 
across the heater of 300° at maximum output, so that proper specifica- 
Hons can be written and all factors pertaining to the installation on the 
plane are established. 

It is, consequently, desired to compute the following values: 
2.1. Overall Efficiency of Heat Transfer Required to Obtain 250 stu; 
9.9. Exhaust Gas 

2.21 Quantity, 

9,29 Back Pressure; 

2.23 Temperatures; 
. Ventilating Air: 
2.31 Quantity; 

9.32 Back Pressure; 

2.33 Air Intake; 
9.4. Size of Heat Exchanger 

The likewise desirable data for weight, efficiency at altitude and 
methods of design will be discussed in subsequent sections. 

The calculations shall be made for the following conditions: 

Rated heat output to be measured at sea level; 

Mass flow of air and gas to be constant; 

Aircraft flying at cruising speed; 

Engine operating at 60% of rated power, 

D.O.A.T. (Design outside, ambient temperature) = —-60°F 


bo 
bo 


9. EFFICIENCY OF HEAT TRANSFER REQUIRED TO OBTAIN 250 STU. As the 
engine is assumed to be operating at 60% of rated power, it delivers 
600 hp which, according to the curve in Fig. 52, provides a total of 
about 2,000,000 btu’s of heat in the exhaust. As there are two. tail 
pipes, about half of this amount or 1,000,000 btu will be available in 
each. If the heat exchanger is to deliver a maximum of 250,000 btu/hr, 
it must extract about 25% from the theoretical maximum which is 
considered a reasonable percentage. (These considerations apply only 
to air-cooled engines.) 

The calculation of the actual efficiency requires knowledge of the 

gas inlet and outlet temperatures and will, therefore, be made after 
these values have been computed. 
29 exuaust GAS. In calculating the quantity and temperatures of the 
exhaust gas, it shall be assumed that no energy is lost between the 
engine ports and the heat exchanger, for instance, by insertion of a 
turbo supercharger. This, however, shall not apply to the drop in 
temperature due to radiation and convection. 
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2.21 Quantity—The hourly mass flow of the exhaust gas can be derived 
from the following equation: 

W, = Horsepower delivered * 60 0.12 lb/hr (2) 
in which the value 0.12 is a conversion factor. As it was assumed that 
the engine was operated at 60% of its rated power, 


W, = 600 60 X 0.12 = 4820 Ib/hr 


AR AIRCR 
Lt tT 


HORSEPOWER DELIVERED (IN HUNDREDS} > 
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Fig.79 
Accordingly; about half that much or 2160 |b/hr of exhaust gas 


flow through each of the two tail pipes. These values can be read 
directly from the curve in Fig. 79. 
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The corresponding volume depends, with all other factors remain- 
ing constant, on the temperature of the gas and the altitude. As can 
be seen from the curve in Fig. 80, the temperature of the exhaust gas 
at 60% of rated power is about 1740. This curve gives very good ap- 
proximations for engines above 800 hp. 

Figure 81 provides the density for the exhaust gas at various alti- 
tudes and temperatures. Accordingly, 2160 Ib of gas at 1740° would 
equal, at sea level: 

QO, = 2160/(0.018 & 60) = 2000 cfm 
and, at 15,000 feet: 
E QO, = 2160/(0.01 60) = 8600 cfm 


18r-y ry SOLAR AIRCRAFT seme HEATER  OIVESTRON PLALPL 7 
an 

5s Poor aan an coro 
A aie PT H oon 
eee tae deta ced eaatacenies 
8 boro Ccce Co tH 
5 lol Cocr COCCe SLOT 
Zz Lf | i ttt | rt iit {| Naam 
i : oon Pitt Pitty LNT 
we Cee eric ie 
5 isbeLL Ree | H+ HH 
a ew cor Reena e Kee 
ae as nan cir el 
bb Lt | Pitter 
Sabo mA amie Soa ea 
4 4ccccn CCC Perret 
PEERS EEE EEE EEE 
CLICK HE ewe 
30 40 50 60 70 80 90 100 


PERCENT RATED POWER 
Pig. 80 


Another factor in connection with the quantity of exhaust gas which 
is important in the design of the heat exchanger, is the diameter of the 
tail pipe. This value is usually furnished by the engine manufacturer. 
However, a useable approximation can be obtained by calewating 
the pipe area for 0.035 sq in./hp. The area must, of course, be figured 
for the maximum horsepower which, in this case, would be about 
1200. Therefore, 

A, = 1200 X 0.035 = 42 sq in. 


Consequently, the diameter of the tailpipe is 
d, = 7.31" 
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Actually, the diameter should be somewhat larger and a value of 8” 
is normal for engines of this rating, If there are two tailpipes per 
engine, the minimum area per tailpipe would be 21 sq in. and the 
diameter of the pipe leading to the heat exchanger d, = 5.17”. A value 
of 5.25” O.D. will be used in the following, we 
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2.22, Back Pressure—The resistance to the flow of the exhaust gas 
through the heat exchanger depends largely on the design of the 
latter. As will be shown later, the efficiency of the heat transfer is in- 
creased by increasing the perimeter with respect to the flow area 
which, in turn, results in larger pressure drops. Since the pasate 
permissible back pressure at sea level is usually specified by the pro- 
curing agency, it is necessary to arrive at a compromise which will yield 
the desired performance without exceeding the specified resistance, 


[185] 


As a rule, presently used heat exchangers will be found to have pres- 
sure drops of about 1.5” H,O per 100 stu at sea level. 

Once the design of the heat exchanger has been established, back 
pressures at both sea level and altitude can be computed by means 
of the previously described calculations (see Chapter 1X). 


2.23 Temperatures~In order to arrive at conclusive values for the 
heat transfer, it is necessary to establish the gas temperatures at the 
inlet and outlet of the heat exchanger as well as the average tempera- 
ture within the heater. 

Figure 80 has shown that the gas temperature at the port of the 
engine is 1740°, at 60% of rated power. Assuming that the length of 
the exhaust pipe from the engine port to the heat exchanger inlet is 
3 ft, it is obvious that a certain amount of heat is lost by radiation 
and convection, and that the temperature of the gas drops correspond- 
ingly. This drop can be generally calculated on the basis that the 
heat loss for bare pipes will amount to about 7 btu/sq ft/hr/°F. 
Then: 


vi x AGL A p (3) 


in which; At, = average temperature differential between the gas and 
the surrounding air; Ap = the area of the exhaust pipe from the port to 


mass flow in tb/hr. 
At, is calculated from the average temperature of the gas within the 
pipe which shall be assumed as 1720° and the temperature of the 
surrounding air which is about 150°. Then: 
1720 — 150 
a ce 785° 


Since the diameter of the exhaust pipe is 5.25” and its length 3 ft, 
the radiating area is 
5.25 Xr X3 


Ap © oe = 4.125 89 fit 


12 


The specific heat of the exhaust gas at various temperatures can be 
read from Fig. 82. At 1720°, ¢, = 0.316. The weight flow was W, = 
9160 Ib/hr. Thus, equation (3) becomes: 
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7X 785 & 4.125 


0.316 X 2160 


by 33° 


Therefore, the temperature of the gas at the exchanger inlet is: 
7 er - 
igi = 1740 — 33 = 1707° 


The outlet temperature is computed by solving the formula which 
was used in calculating heat losses, for the temperature differential so 
that: 
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(4) 
The heat amount extracted from the exhaust gas while passing 

through the heat exchanger is 250,000 btu/hr, Inserting this value 

and those for the mass flow and specific heat, equation (4) yields: 


250 ,000 
Al, = ——_. = 366” 


2160 X 0.316 
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Therefore, the outlet temperature of the gas is: 
jo = 1707 — 366 = 1341° 
And the average temperature of the gas within the exchanger is: 
lom = L707 ~~ 366/2 = 1524° 


It is now possible to calculate the actual efficiency of the unit, 
which is the ratio of the heat extracted from the exhaust to the heat 
available. The heat extracted by the air is: 


Hc, WeX Ge = We) 
and the total heat available is: 
Hype ty XW K Mt = tai) 


in which the subscripts g and a refer to gas and air, respectively, and 
the subscripts i and ¢ to inlet and outlet, respectively. The amount of 
H, depends on the temperature differential between the gas and air 
inlet temperatures which account for the values f,; and tai. Therefore, 
the efficiency of the heat exchanger is: 


toi ~ 


t 0 
fs. (5) 


tye — bai 
The D.O.A-T. for the ventilating air was specified as —60° so that: 
tai = — 60° 
Inserting the values for the temperatures into equation (5), 


1707 — 1341 
Poe SO rel 
1707 + 60 


This checks quite well with the previously found value of 25% and 
shows that the use of the curve in Fig. 52 for determining the heat 
available in the exhaust yields a sufficiently close approximation for 
most purposes. It must be remembered also that the latter method is 
independent of the minimum design temperature for the ventilating 
air which, of course, is an arbitrary value. 


23 venritatinc am. It shall be assumed that the ventilating air is 
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furnished by a ram and that there is no heating of the air prior to its 
entry into the heat exchanger. 


2.31 Quantity—The required mass flow of the ventilating air is ob- 
tained by means of equation (4) so that: 


iH 
W, = eee 


: Callao aa tas) 


in which Wz is the weight flow of the air in lb/hr, H the heat imparted 
to the air in btu/hr, c, the specific heat of the air, and ta; and foo the 
air temperatures before and after passing through the exchanger, re- 
spectively, Therefore 


250,000 . 
Vo x=’ _____ = 3480 Ib/hr 
0.24 X 300 


At sea level, this corresponds to: 
ga = 8480/(60 X 0.075) = 773 cfm 


and at 15,000 feet, at which the average air density is 0.0475 Ib/ cu ft: 


2.32 Back Pressure—The pressure loss-of the ventilating air while pass- 
ing through the heat exchanger depends again, to a large extent, on 
the design of the heater. As pointed out, in Chapter XIW, experience 
has shown that, as a rule, a pressure drop of 1” H,O per 1000 Ib of air 
at sea level is a reasonable figure to specify. Accordingly, a pressure 
drop of about 3.5” can be expected for this particular example. 

Tt will be remembered that this value increases for constant mass 
flow at altitude as the ratio of the volumes or inverted ratio of the 
densities. Consequently, the pressure drop at 15,000 ft will increase 
to 

AP, = 3.5 ¥ 1.58 = 5.52’ HO 
2.33 Air Intake—As shown before, the ram pressure of the air is found 
by the following formula: 


V = 1006.5 Vh/d (6) 
in which: 


V = True Speed of the Plane, in ft/min 
fh, = Ram Pressure, in inches H,O 
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d = Density of Air, in Ib/cu ft 
Solving this equation for the ram, 


; ( Vv ‘ es xX 5280 
pa | ——) x d = | ————_—- 
7 \1096.5/ 7 60 X 1096.5 


This is the theoretical force which would be exerted during flight 
against a flat plate of unit area. (in order to obtain the actual force, 
this value would have to be multiplied by 0.8.) In utilizing the ram to 
drive a desired amount of air through the system, the static resistance 
to the flow of air at that rate must be deducted from the available ram. 
The difference is then the pressure which determines the velocity of 
the air. 

The resistance in the system is composed of the pressure loss in the 
heat exchanger, which was assumed to be 3.5”, and the losses in the 
rest of the air circuit, such as ducts, dampers and the like. It shall be 
assumed that these losses have been calculated to be 5”, so that the 
total loss for the given mass flow of air at sea level is 8.5” H,O. Deduct- 
ing this from the computed ram, the actual pressure head is: 


2 
) * 0.075 = 19.477 HO 


hy = 19.4 — 8.5 = 10.9" TO 


This value is now inserted into equation (6) in order to obtain the 
velocity of the air and: 


V, = 1096.5)/10.9/0.075 = 13,200 ft/min 


The necessary inlet area is then found by the relation: 


A=Q/V (7) 


in which 


V = Velocity, in ft/min 
so that, still for sea-level conditions, 


A = 778/18,200 = 0.0586 sq ft 


At altitude, it is necessary to supply larger volumes in order to 
retain the same mass flow. This results in higher velocities and, con- 
sequently, larger pressure drops which may be so high that it be- 
comes impossible to obtain the desired volumes. For this reason, the 
area of the intake scoop must be calculated for the largest volume 
which may be required, namely the one at the cruising altitude. 
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Inasmuch as the resistance in the system at sea level was assumed 
to be 8.5”, it increases to 8.5 * 1.58 = 13.4” at 15,000 feet. The ram 
pressure remains the same. This fact is based on the consideration that, - 
for constant horsepower output, the speed of the plane increases with 
altitude until the ram of the less dense air equals that of the denser 
air. This is expressed by the following relation: 


Va = Vivd./ds (8) 


The pressure available at 15,000 feet, that is the ram pressure minus 
the pressure losses in the system, is then: 


fig 19 a 13d Se RO 


As can be seen, the velocities at both sea level and altitude are very, 
similar. However, since the volumes at altitude are increased, the area 
must be increased by the same ratio, which follows from insertion of 
ihe corresponding figures into equation (7): 


A = 1220/12,350 = 0.099 sq ft 


The area of the intake must, therefore, be at least 0.1 sq ft in order 
to permit the supply of the required air quantities at the cruising alti- 
tude. (This calculation does not take into account the loss caused by 
the scoop itself. Normally, a correction factor has to be added which 
depends on the size, shape and frequently, the location of the scoop.) 

High velocities not only increase the back pressure but also the air 
noise. For this reason, it is common practice to select the most de- 
sirable velocities for the individual branch ducts and calculate the 
necessary area by means of equation (7). Whenever feasible, the duct 
velocities should not exceed 3000 fpm although the need for keeping 
the duct size small may occasionally make higher velocities mandatory. 


2.4 size OF HEAT EXCHANGER. In specifying values for the size and 
weight of a heat exchanger, it must be borne in mind that, for given 
performance data, there are certain minima which cannot be improved 
upon, even with the most ingenious design. [t can only be expected 
that the final values are as close to the theoretical optimum as possible. 

The minimum size of a heat exchanger is determined by the area 
of the heat transfer surface which is necessary to transmit the specified 
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amount of heat, if the inlet temperatures and the mass flow of both 

air and gas, as well as the temperature rise across the heater are given. 
This is evident from formula (1), namely: 
W=UXAX Aty 


In solving this equation for the area, 


H 
ee 
UX Atm 
in which A is the area of the transfer surface, in sq ft; H the heat 
amount to be transferred, in btu/hr; U the overall conductance, in 
btu/hr/sq ft/°F; and At,, the logarithmic mean temperature differential 
between the gas and the ventilating air. 
H has been specified as 250,000 btu/hr. U and At,, must be caleu- 
lated in the manner shown below. 


2.41 Calculation of Overall Conductance, U—It will be remembered 
that: 
1 Seg Or) ae a 


in which k, the conductivity of the metal wall, is so high, and the 
thickness L so small, usually about 14)”, that the value L/K can be 
neglected. In other words, the metal separating the hot gas and cold 
air offers so little resistance to the heat flow that it is negligible in 
comparison to the resistance caused by the films. 
The film coefficients f, and f, are computed from the formula: 
f 0.027 & Cy X (uw)? & (GY (9) 
(D)%-2 : 

in which: 

Cn “= specific heat of the fluid; 

p. == its viscosity; 


D = the hydraulic diameter of the pipe or duct. 

The calculation of the film coefficients and, for that matter, of the 
value U are very much facilitated by a method using three sets of 
curves which has been developed by G. B. Hodgson of the Solar Air- 
craft Company Research Staff. Hodgson divides formula (9) into two 
parts, designated M and O, and in such a manner that: 


M = 0.027 X ep X (u)"?2 X 108 
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and 


, (G@)%* >< 104 
i (Dyo-2 
10° and 10-* are added to M and O, respectively, in order to facilitate 
reading of the curves and cancel out, if M and O are multiplied with 
each other. Thus: 
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M can be determined from the curves in Fig. 83 in the following 
manner: M, (exhaust gas) is read on the 0,07 line as this was assumed 
to be the specified fuel-air ratio. The average temperature of the 
exhaust gas within the heat exchanger had been found as 1524°. 
Therefore, 

M, = 5.0 
M, (air) is read on the same line since the values for air happen to 
coincide with those for gas at a fuel-air ratio of 0.07, The average 
temperature of the air within the heat exchanger is: 
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tam =~ 60 -- 300/2 = 90° 
And so: 
M, = 3.6 

The determination of the values EXHAUST 

" - . oAS IN - i 
. for O which can be.read from the eee VENTILATING 
se es : ~ “AIR IN 

curves in x, + rm ‘ at q 1 id 

rves in Fig. 84, is somewhat more hit Lp 


i ay 


difficult, since it is necessary to 
know the mass flow rates of the 
gas and the air as well as the so- 
called hydraulic diameters of their 
flow areas. The hydraulic diameter 
D is a function of the cross-sec- j 

tional flow area A and the perime- Ke 
ter P. The latter is defined as the VENTILATING Lexnausy 


in SHROUD 


“EXMAUST 
PIPE 


; i T See idee 
curve enclosing the flow area. eee GAS OUT 
Thus: Fig. 85 
D = 4A/P (10) 


Tn case of a round pipe or duct, the perimeter is 2xr, so that: 


Agr? 
Do a Se Dp 
Qur 


Consequently, the hydraulic and actual diameters of a circular duct 
are identical, However, to obtain good heat transfer, it is desirable 
to make the hydraulic diameter as small as possible, that is, the 
perimeter very large compared to the enclosed cross section. This is 
usually accomplished by corrugations, flutes or similar methods of 
increasing the perimeter of the heat transfer surface. 

Unless the design of the heater is known, it is necessary to assume 
a value for the hydraulic diameters, and it has been found that from 
0.1 to 0.04 ft for both the gas and air sides is a fairly good approxima- 
tion in most types of heat exchangers and within a wide range of out- 
puts. 

In order to carry out the calculation of a sample heat exchanger 
further, a design such as the one shown in Fig. 85 shall be selected. It 
consists merely of a shroud which envelopes the exhaust pipe and is 
the simplest, and not unusual type heat exchanger for small outputs. 

The O.D. of the exhaust pipe was found to be 5.25”, At a wall 
thickness of 0,045”, the 1.D. becomes 5.16” which is also the hydraulic 
diameter of the pipe since it is circular. 

[ 195 | 


The minimum area for the flow of the ventilating air had been 


becomes, with A,, as the cross-sectional area of the pipe: 
4 4 yf a oO 
dt = —% (Ag + Ae) & — X (21.6.4 14.4) = 46 
r T 
and: d = 6.75” 
This allows for a 4” space between the shroud and the exhaust pipe. 
The perimeter of the air flow area is then: 


Pos (6.75 + 5.25) = 37.7” 


4x 14.4 . 
Pe 2 S158" 
37.7 


This value for the hydraulic diameter is quite high which had to be 
expected due to the lack of corrugations or similar means to increase 
the perimeter. 

It is now possible to establish the mass flow rates for the gas and 
air. The mass flow rate G equals the mass flow divided by the flow 
area so that, for the gas: 

G, = 2160/0.145 = 14,900 Ib/hr/sq ft 


Similarly, the mass flow rate of the air is: 
Gy = 3480/0.1 = 34,800 Ib/hr/sq ft 


The values for O, as read from the curves in Fig. 84, are then: 


O, = 2.6 
O. = 65 


Since the film coefficients equal the product of M and O, 


fp 25X26 = 13 
and: 
fe = 3.6 X 6.5 = 28.4 
The value of U, the overall conductance, can now be found by 
means of the curves in Fig. 86, which were also provided by Hodgson. 
Thus, 
U = 8.5 


(Note that the exhaust gas film coefficient must be divided by ten to 
obtain the correct value on the curve.) 
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2.42 Calculation of At,,—In order to find the required area for the heat- 
transfer surface, it is further necessary to calculate the logarithmic 
mean temperature differential between the air and the gas in the heat 
exchanger, which is designated as At,,. As the air and gas pass through 
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the exchanger, the temperature of the former increases while that of 
the latter decreases. This change is not arithmetical but progresses 
logarithmically since it is quite rapid, at first, and then tapers off 
gradually. 

At,, is, therefore, a function of the temperature differentials at the 
inlet, At,, and at the outlet, At, and found by the following equation: 
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(11) 


Since the inlet and outlet temperatures of the gas and air are known, 
At, and Af, can be easily computed. 
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Aty = ty¢ —~ toy = 1707 ~ (— 60) = 1767° 
Ale = fy — ton = 1341 — 240 = 1101° 


«0 


The calculation of the logarithmic mean temperature eae is 
implified by a set of curves which is wn in Fig. 87. At, can 
reatly simplified by a set of curves which is shown g a 
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be read directly from these curves as a function of At, and At,, and 
yields, for this example: 

Al, = 1400° 
2.43 Calculation of Dimension—The calculation of the heat transfer 


surface can now be completed. Inserting the values found into equa- 
tion (1), and solving for A, 


250,000 SY 
A = ——— oe 21.0 5g ft 
8.5 1400 
The length of the heat exchanger L is: 
Les A/P, 


in which P; is the thermal perimeter or that part of the air and gas 
perimeters which are common. In this example, P; equals the circum- 
ference of the exhaust pipe, that is, x X 5.95 = 16.5”, or 1.875 ft. 
Therefore; 

L = 21.0/1.875 = 15.3 ft 


Such a value is, of course, prohibitive and shows that a straight 
shroud type of heat exchanger could not be employed for high ou tputs. 
Increase of the perimeters by a variety of methods is the main reason 
that the conventional length of presently used heat exchangers, of 
about 250 stu capacity, seldom if ever exceeds 94”, 


3.0 Desicn Consiperarions 


3.1 METHOD OF DESIGN. The preceding calculations for a sample heat 
exchanger serve merely to permit conclusions as to the general per- 
formance and dimensional data. At the same time, they form the basis 
for the design, in the course of which they are usually very much 
improved upon. 

As had been shown, it is necessary either to make certain assump- 
tions or to decide on a definite construction and tem porary dimensions, 
in order to obtain the values for the flow areas, hydraulic diameters, ete. 
In actually designing the heater, the latter method is used and the 
preliminary values inserted into the formulas as given data. The results 
thus obtained are then checked against the desired values and correc- 
tions made, 

In some cases, structural limitations make it necessary to specify a 
maximum allowable length, and the thermal perimeter may have to 
be increased until the required length is obtained. In another case, it 
may be found that the back pressures are too high, Then such dimen- 
sions as have a bearing on the flow resistance are changed, and the 
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calculations are repeated, This again may result in decreased heat out- 
put which must now be compensated for by changing other dimensions. 

This process is repeated until the most satisfactory compromise has 
been found and the designer is convinced that he has arrived at the 
optimum figures for this particular construction, 


3.2 EFFECT OF PERIMETER. The most difficult problem in designing a 
heat exchanger is to get the necessary heat-transter surface into the 
smallest possible space, both as to diameter and length, and to do so 
at a minimum of resistance to the flow of air and gas. 

From the formulas and curves used in section 2.4 it follows that an 
increase of the air and gas perimeters results in a reduction of the 
hydraulic diameters, hence an increase in U, which brings about a re- 
duction of the necessary transfer surface. By the same token, the 
subsequent increase of the thermal perimeter results in shortening the 
length of the exchanger. It must, therefore, be the goal of the designer 
to make the proportion of the flow area to the perimeter as small as 
possible. 

This can be achieved in a number of ways. The simplest method 
consists of corrugating or fluting the heat-transfer surface. Such a 

design is indicated in Fig. 88, 

VENTILATING which shows a cross section of the 

ped a ne previously calculated shroud-type 

= exchanger. The dotted line repre- 

So a sents the wall of the exhaust pipe, 

if it were fluted in such a manner 

as to retain the same flow areas for 
the gas and air as before. 

Although only six flutes are pro- 
vided, their effect on the hydraulic 
diameters and thermal perimeter is 
quite noticeable as is shown in the 
ae following. 

Lo The hydraulic diameter of the 

EXHAUST un-fluted exhaust pipe was identi- 
cal with its LD., namely 5.16”. The 
Fig. 88 flow area was Ay = 20.9 sq in. The 


PIPE 


shown in Fig. 88, can be easily calculated and will be found to measure 
about 22.5". Therefore, from formula (10): 


Similarly, the hydraulic diameter of the shroud was 1.53” and its 
flow area A, = 14.4 sq in. The perimeter consists of the circumference 
of the shroud, 21.2”, and the length of the flutes, 22.5”, so that it totals 
43.7", Consequently, 


Considering the fact that only six flutes are provided for, the reduc- 
tions are indicative of the gain over the straight shroud construction 
This applies also to the thermal perimeter. . 

P, for the unfluted design was equal to the circumference of the 
exhaust pipe, namely, 16.5”, After the flutes have been added, the 
perimeter becomes: 


Py 22.5 = 1.875 tt, 


The effect of this increase shows itself very well in comparing the 
lengths of the two exchangers. The length of the straight shroud type 
was 15.8 ft. After fluting, the new length is computed by means of 
formula (11) as follows: . 

7 A/P, 


oe for the sake of simplicity, that the heat transfer surface 
is the same as before, although it will be reduced somewhat due to the 
decrease ’in the size of the hydraulic diameters, the length becomes: 

g eS: 


L = 21.0/1.875 =.11.2 ft. 

This length is not a sufficient improvement over the previous length 
of 15.3 ft to make it practical, but it is obvious now how the Hievanse 
m perimeters will rapidly reduce the dimensions of an exchanger. | 

Another method of achieving this result leads to the tube type 
of heat exchanger. As seen in the cross-sectional view in Fig. 89, the 
exhaust gas is ducted through a number of tubes which are. either 


SHROUD 


TRANSITION 


VENTILATING AIR 
INLET 


circular or, more frequently, elliptical, while the air is passed over and 
between them. The tubes are connected by headers at both ends. 
Naturally, the ratio of area to perimeter is very favorable in a design of 
this kind. 

In the plate-type heat exchanger, a number of parallel sheets of 
corrugated steel are arranged in such a manner as to alternate layers 
of gas and air, usually in cross flow. In other types, outside fins or 
inside plates, made from thin metal of high heat conductivity, are 
attached to the exhaust pipe to increase the transfer surface. 

The main disadvantage of these and similar designs is the high 
resistance to the flow of air and gas which is unavoidable, if good 
heat transfer is expected. It is necessary, therefore, to arrive at a 
compromise between maximum allowable back pressures and optimum 
heat transfer, and it is here where the success of the heat exchanger 
depends on the ingenuity of the designer. 


3.3 EFFECT OF FUFL-AIR RATIO on the heat output of an exhaust heat 
exchanger is not always fully appreciated. An increase of this ratio is 
usually connected with an increase in horsepower output. This, in turn, 
results in the following changes of equation (1): 
H=UX AX Atn 

U inereases since the mass flow of the gas is greater for higher horse- 
power output (see Fig. 79). At,,, however, decreases because the inlet 
temperature of the gas drops with increase in percent of rated power 
beyond 60%, as can be seen from Fig. 80. The net result is either an 
increase of heat output for constant transfer area or a decrease of this 
area for constant heat output. The change in data with change of the 
fuel-air ratio becomes apparent in the following table for the previously 
valculated exchanger in which the values based on a ratio of 0.07 (first 
column) are compared with those based on a ratio of 0.1 (second 
cohimn): 


Fuel-Air Ratio 0.07 0.1 
fos 1,707 1,520 
Ah 1,767 1,580 
Ate 1,101 i 1,060 
My 1,400 1,820 
CG, 14,900 | 26,200 
My 5 i 7.6 
0, 2.6 | 4.0 
fy i 13.0 \ 30.4 
U \ 8.5 | 13.2 
A (Area) | Q1.0 | 14.6 
TL (Length) | 15.9 10.6 
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Thus, the required area or length of a heat exchanger of given heat 
output can be very much decreased, if a higher fuel-air ratio is selected. 

However, if the transfer area remains the same, an increase in the 
fuel-air ratio will raise the heat output considerably. For instance, if 
the ratio of 0.07, for which the sample exchanger had been calculated, 
should be increased to 0.1, its heat output will be increased from 250 
stu to 336 stu, that is, by about 35%. (This value is found by repeating 
the previous calculations for the new temperature and flow rate of the 
exhaust gas.) 

From the above, it can be concluded that tests at different fuel-air 
ratios will yield widely varying results. Therefore, if a heat exchanger 
has been designed for a higher ratio than that used by the customer, the 
unit may be rejected as not meeting specifications although it has proven 
entirely satisfactory during tests performed by the manufacturer, 


se 


For this reason, it is essential always to agree on the fuel-air ratio 
at which a heat exchanger is to deliver full, rated output. The value 
0.07 appears to be very suitable for this purpose. 


3.4 FLow types. The decision as to the design of the exchanger de- 
pends, to some measure, on the most suitable method for passing the 
air over the heat-transfer surface. This can be done in three general 
ways which are illustrated in Fig. 90; A shows the so-called parallel 
flow in which the ventilating air moves parallel to and in the same 
direction as the exhaust gas; C indicates the. counter-flow type which 
is, essentially, also parallel flow but in opposite direction; B shows the 
cross-flow method in which air and gas move at right angles to each 
other. : 

There is not very much difference between these methods although 
cross flow is generally favored. The choice of the best suitable method 
in a particular case is usually based on installation requirements, 
In some instances, there may be no room for an elbow to lead the 
ventilating air into a cross-flow type of heat exchanger, and parallel 
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flow is necessary. In another case, with definite obstructions to the 
use of a parallel or counter-flow heat exchanger, cross-flow is necessary. 

The output for identical heat-transfer surfaces, mass flow and other 
design factors is nearly the same in all types. In spite of that, cross- 
flow types offer advantages in connection with the air distribution 
over the heated surfaces and are usually easier to design construction- 
ally. This pertains primarily to the inlets and outlets for the ventilating 
air, and results in better weight-to-output ratios as will be shown 
shortly. 


3.5 pesicn peraits. The surfaces enshrouding the exhaust gas must be 
so designed as to withstand high temperatures, corrosion, shock and 
: vibration. They are usually made from 
stainless steel of from 0.031% to 0.038” 
thickness. The air envelope is made 
from the same metal in order to permit 
proper welding. The thickness is some- 
what less, normally about 0.025”. 
Flanges and other means of attachment 
must be designed to support the ex- 
changer with its connecting ducts and 
piping under all stresses experienced on 
an airplane. 

The forming and welding of the com- 
pound components of a heat exchanger 
is an art in itself, and the difficulties to 
be expected in production and service 
must be another consideration of the 
designer. Figure 91 shows one phase in 

Fig, 91 the manufacture of a Solar Aircraft heat 
exchanger of the flute type. The indi- 
vidual flutes are formed under a drop hammer and seam-welded to- 


+ 


gether as illustrated, ; 
Other design considerations, such as the means to prevent infiltra- 
tion of CO, have been discussed in Chapter XII. 


4.0 PERvORMANCE AT ALTITUDE 

All calculations made previously were based on the assumption that, 
at constant horsepower output and mass flow, the heat output of the 
heater would remain constant. This assumption is correct only if the 
outside ambient temperature remains constant too. 

In designing a heater, it is necessary to base the calculations on a 
given D.O.A.T., and a likewise given temperature rise across the 
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heater. If the actual outside temperature is higher than the D.O.A.T., 
which will be the case usually, the temperature of the ventilating air 
increases correspondingly unless a compensation is made. This is not 
very easy for exhaust-air heaters because the mass flow of air through 
them should remain constant to prevent overheating. Therefore, a 
certain amount of the hot air is spilled overboard by means of a spill 
damper and a similar amount of cold air mixed with the remaining 
hot air. In this manner, constant mass flow through both the heat 
exchanger and the ventilating ducts is assured while the heat content 
of the ventilating air can be changed at will. 
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The need for such regulating means becomes obvious, if the plane is 
subjected to a variation of outside temperatures as would be the case in 
climbing or descending. The average temperatures at various altitudes 
have been shown in Fig. 37. If these values are encountered instead of a 
constant D.O.A.T., the outlet temperature of the ventilating air will 
decrease with altitude as shown in Fig. 92. Curve A represents the air 
temperatures for a constant rise of 200° across the heat exchanger, and 
curve B the corresponding values for a temperature differential of 
800°. These curves are quite significant in determining the most 
desirable rise but hold true only if the rise can be assumed as constant 
for change in altitude. 
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This, however, is not the case as can be seen from a study of 
equation (1), namely: 
H=-AXU ™ Ab, 


The area A does not change with altitude, of course. The overall 
conductance U changes with the film coefficients which, in turn, are 
determined by formula (9): 
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The specific heat cp changes with temperature but not sufficiently 
within the temperature difference from sea level to altitude to be of 
consequence, The change of the viscosity y. with the exponent 0.2 is 
also insignificant. The mass flow rate G remains constant as does the 
hydraulic diameter D. Consequently, f and, therefore, U can be said 
to be practically constant for changes of density and moderate changes 
of temperature. 

At,, is a logarithmic function, so that it increases faster the greater 
the temperature differential is. Since the inlet temperature of the 
ventilating air decreases with altitude, the temperature differential be- 
tween the air and gas at the inlet increases and, with it, At,,, so that H 
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actually increases with altitude for constant engine power. This is not 
surprising since, with a larger temperature differential, more heat is 
available for transfer. Using again the analogy of two different water 
levels, the pressure head can be increased by either increasing the 
height of the higher level or decreasing that of the lower one. 

Consequently, the heat output of a heat exchanger will increase 
with altitude, even if all factors with exception of the outside tem- 
perature remain constant. This increase is shown in F ig. 98. The curve 
has been plotted for a 300 stu heater, by assuming a decrease of 
temperature with altitude as indicated in Fig. 37, and a temperature 
rise across the heat exchange of 300° at sea level. 

The percentage of increase is not very high; it amounts to only 7% 
‘at about 30,000 feet. Nevertheless, it should be taken into account 
during the ground tests, for a heater tested at room temperature will 
yield lower outputs than if the ventilating air is chilled before entering 
the exchanger. 

The corrected, actual outlet temperature for a 800° rise at sea level 
is shown by curve C in Fig. 92. As can be seen, the drop with altitude 
is somewhat less than in curve B for which the heat output was as- 
sumed to remain constant. The mass flow is identical and constant in 
both cases. 

As a rule, neither the change in outlet temperature nor the small 
increase in output at altitude warrant particular consideration during 
design since the final performance characteristics depend on so many 
variables that the designer must allow himself a considerable margin 
anyway. In operation, the required outputs and air temperatures are 
obtained through proper means of regulation which can be built to 
any desired degree of accuracy. 


5.0 Wericut 


Calculation of the weight is not difficult, if the design and dimen- 
sions of the heater are known. For instance, the weight of the shroud- 
type heat exchanger, discussed in section 2.4, can be found on the 
basis that both the exhaust pipe and the shroud are made from stain- 
less steel, and that the thickness of the former is, for instance, 0.045” 
and of the latter 0.035”. About 10% of the calculated weight should be 
added for attachments and transitions. (Considerably lighter materials 
are being used in recent designs, as pointed out in section 8.5.) 

However, if it is desired to arrive at an approximation for the weight 
of a heater of which only the general specifications but no design 
features are known, the previously cited figure of one Tb per 10 stu 
will be found to apply within a wide range, 
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In general, the weight-output ratio depends on the flow type and necessarily represent all or most types of heat exchangers. However, 


the horsepower for which the exchanger is designed as shown in they give an indication as to the relative change of the weight-output 
Fig. 94. The ratio is usually less favorable for parallel flow than for ratio for different types of flow and changes in horsepower. 
“ “ ~ he 


cross flow since the former requires more complex ducting and fairing 


into the shroud surrounding the heater. 6.0 Represenrative DEsicns 
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used during the design of the heater. The ratio decreases with in- 
crease in horsepower. This is not surprising since a larger mass flow 
rate of exhaust gas permits better utilization of space and heat. 

The curves in Fig. 94 are based on empirical values and do not 
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Fig, 97 Fig, 98 
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Solar Aircraft Company found heat exchangers to be a very desirable 
product and has contributed several successful wae most of which 
were designed by a young experimental ee P. A. Pitt. 

Figures 95 and 96 show two views of an earl y Solar exchanger for 
rel iter planes. Flutes are welded to the exhaust pipe shortly behind 

the point at which the legs from the two engine ports join. Air is 
passed over and through the flutes, and thus he ated. The efficiency is 

rather low. 

A later development is illustrated in Figs. 97 and 98. Here the flutes 
are not only considerably enlarged 
and hollow but a baffle is provided 
which diverts part of the exhaust 
gasses through the flutes. The effi- 
ciency of this exchanger is consid- 
erably higher than in the previous 
one, Figure 99 is a photo of a typi- 
cal fluted heat exchanger. The 
shroud — enveloping the air is 
omitted. Figure 100 shows another 
design of a flute-type exchanger. 

The models illustrated so far are 
all parallel-flow exchangers. Dis- 
closure of the details of Solar’s 
newest cross-flow exchangers is not 
possible at this time. However, Pitt 
provided the data for plotting the 
curves shown in Figs. 101 through 
104, which show the performance 
characteristics of one of his latest 
designs. This particular exchanger 
is rated at 300 stu and weighs ap- 
proximately 30 Ib which conforms 
very well with the requirement of 1 1b/10 stu, Figure 101 gives the 
ventilating air-flow rate for different heat outputs. At 300 stu, the rate 
is 3300 lb/hr. The pressure drop at this rate can be read from Fig, 102 
and yields 2.25” H,0. This is consider: ably better than the previously 
specified 1” per 1000 Ib of air. 

The exhaust-gas flow rate for 300 stu is found from the curve in 
Fig. 103 and shows that 3150 Ib/hr of gas are required. Finally, Fig. 104 
yields the pressure drop for this rate which is 2.6” H,O. inasmuch as 
up to 1.5” shoul ld be allowed for every 100 stu, this exchanger is very 
much below the permissible maximum. 
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Fig, 99 Fig, 100 : 
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It will be noted that the exhaust- gas flow was kept constant in 
measuring the data for the ventilating air and vice versa, The cor- 
responding values are noted on the figures. 

Curves of this kind assist in presenting the characteristics of a heat 
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exchanger in the best possible manner and in giving an overall picture 


of its performance. Therefore, they should always accompany the test 
data. 


A typical example of a cross-flow heat exchanger is the Stewart- 
P2114 


Warmer heater shown in Figs. 105 to 107. Realizing the usefulness of 
such heaters for many purposes, Stewart-Warner has added them to 
their extensive line of internal-combustion heaters which had been 
discussed before. 
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The heater shown has a rated capacity of 250 stu and is of the 
tube type. Figure 105 gives a cross-sectional view of the elliptical 
tubes through which the gas passes. The side-view in Fig. 106 illus- 
trates the arrangement of the tubes and the spaces through which the 
air travels in cross-flow. Figure 107 shows the complete heater, inelud- 
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ing the transitions for attachment of air ducts and exhaust pipe. The 
wires visible between the legs connect to thermocouples which measure 
the temperature gradients within this particular unit. The heater is so 
designed as to permit rapid removal of the shroud for inspection and 
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service. It demonstrates, convincingly, the simplicity of the cross-flow 
heat exchanger and the well-distributed flow of the air over the heat- 
transfer surface. 

Although exhaust-gas heat exchangers need further development, 
it can be safely predicted that they have a practically unlimited future. 
However, the only fact which will be known for some time to come, 
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about designs which are now restricted or still in the laboratories, will 
he that they have met all of the heat requirements on military airplanes, 
no matter how 1 high they are. Ground heating w ill remain the only task 
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which must be accomplished by supplementary systems, such as inter- 
nal-combustion heaters. 
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XVII 
SELECTION OF HEAT SUPPLY 


The proper selection of heat supply for an airplane requires 
knowledge of (a) its heat requirements; (b) the means with which to 
meet these requirements and, (c) the methods to be employed; (a) and 
(b) are based mainly on technical considerations which have been 
discussed in the previous chapters. (c) is governed by factors which 
can not be calculated but must be found in accordance with existing 
conditions, after (a) and (b) have been established. 

Consequently, the following steps are necessary before the heat 
supply for a particular installation can be decided upon: (1) Study the 
airplane, its lay-out, functions and performance data; (2) Establish the 
individual tasks of the heating system, for instance, cabin heating, 
anti-icing, accessory heating and such others as will increase the 
efficiency of the airplane and its crew; (3) Determine the fundamental 
design data for calculation of the heat requirements: temperatures, 
temperature differentials, maxima and minima, and air quantities; (4) 
Calculate individual and total heat requirements. 

After these steps have been completed, the designer can proceed to 
(5) select the best suitable heating scheme and (6) select the best 
suitable heating system. The final steps are then to (7) write specifica- 
tions and (8) procure equipment. 

This chapter deals with the last four steps. 


1.0 SeLecrion or Heatinc SCHEME 

The selection of the heating scheme concerns the choice between 
central heating, spot heating or a combination of both, All three 
schemes have definite advantages for certain purposes which are dis- 
cussed in the following: 


1.1 seor HEATING is accomplished by means of individual or unit heaters 
which generate the heat at the point of application. Their capacity is 
normally low and varies from 10 to 20 stu. Somewhat higher capacities 
are required in special cases, for instance, heating of a gun breech in a 
non-pressurized turret which is fully exposed to the cold wind. 

Unit heaters may be entirely self-contained and automatically 
operated, or receive their fuel-air mixture and even the ventilating air 
from a central source. Ducts, fuel lines and exhausts may be wholly 
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or partally manifolded, or individual. Similarly, control of a series of 


unit heaters can be central, individual or automatic. 

Spot heaters are ordinarily either of the internal-combustion type 
or electric. The former are employed extensively for personnel heating 
of cockpit and cabin-type planes and for the heating and pre-heating 
of accessories. The latter are used mainly for equipment heating and 
galley applications. 

Spot heating is being rapidly replaced by central heating and will 
remain useful only for the heating of accessories to which it is im- 
practical to duct heat from a central source. 

Pictures of typical unit heaters have been shown in Chapter XV. 
A somewhat different model of a spot heater is illustrated in F ig. 108. ° 
This is a Stewart-Warner inter- ‘ 
nal-combustion heater, and dif- 
fers from other heaters of this 
type as it has no-heat exchanger. 
In addition, its blower is op- 
erated by a hand crank, thus 
supplying air for combustion 
and additional air which is 
mixed with the products of com- 
bustion. In this manner, a large 
volume of hot air is provided for Fig, 108 
local application. The heater has 
its own gasoline tank and needs no outside connection whatsoever. 
Its main purpose is to provide spot heating of accessories on the 
ground and move it quickly from one point to the other without re- 
quiring the moving of electric, fuel or air lines. 

Electric spot heating is usually accomplished by means of shoes 
which are slipped over the part to be heated. These shoes or covers are 
made from fireproofed fabric interwoven with heating wires as dis- 
cussed in Chapter XIII. Heating coils with fans mounted in back of 
them are not favored on account of their large current consumption. 


1.2 centRAL HEATING is that which serves two or more outlets normally 
located at a distance from the source of heat. This method is the usual 


choice, if heating and ventilating are combined, and if both heat and 
‘air must be supplied in large quantities and at a number of places 


throughout the plane. 

The advantages of central heaters are the following: They are usually 
located outside of the cabin. They require only one source for the 
supply of air, current and, in the case of internal-combustion heaters, 
fuel. Therefore, their control is greatly simplified. The ratio of heat 
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output to weight is very favorable. Servicing of central heaters can be 
done more efficiently and faster than of a series of unit heaters. 

On the other hand, if a central heater fails, the entire heat supply is 
cut off, and serious damage may result to such accessories which have 
been designed with the assumption that they would be properly 
heated at all times. Under present conditions, failure of a central heat- 
ing plant may conceivably put a large, military plane out of action. 

A further and most complicating disadvantage of central heating 
systems is the need for extensive ducting. Many planes of the cabin 
type are unsuitable for ducting. In spite of that, it will be found that 


Fig. 109 


the incorporation of anti-icing, anti-frosting and heating of a growing 
number of accessories necessitates the installation of ducts or flexible 
hoses. Therefore, the need for ducting should not influence the de- 
signer in his choice for or against central heating. 

Typical central heaters have been described in the previous chapters 
on heat supply. Figure 109 shows the installation of a central heater of 
the early, internal-combustion type in the Curtiss-Wright CW-20 trans- 
port which was the prototype for the famed C-46 Commando. As can 
be seen, a large rectangular duct leads from the heater into the cabin 
where it divides into branches to various outlets. The control board 
for this heater was located in the flight deck. 

1.3 COMBINATION SPOT AND CENTRAL HEATING. The complexity of heat 
supply on modern airplanes, particularly military craft, makes it quite 
difficult to supply all heating needs from one large source. Although 
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central heating is usually favored for all but cockpit-type planes, the 
disadvantages of this method become quite serious the larger the 
cabin is. The installation of ducts of sufficient size to carry enough air 
and heat from the central source to every point of distribution often 
results in unsurmountable difficulties. The danger of failure of the 


‘entire heat supply, if merely an igniter in the heater burns out, is 


another disturbing factor. Finally, there are many applications for 
which spot heating is more effective, if not mandatory. 

For these reasons, a combination of both spot and central heating is 
normally the advisable method. On large planes, there should be, in 
addition, at least two central heating plants which are entirely inde- 
pent of each other, so that, if one of them fails, the other one can take 
over at least a reasonable part of the functions, This method is quite 
common in exhaust-heating systems in which heat exchangers are 
normally attached to the exhausts of two different engines, thus consti- 
tuting two independent sources of central heat supply. 

Occasionally, a third central heater of the internal-combustion type 
is installed in the aft section to provide empennage heating during 
flight and heating of the entire airplane on the ground. Supplementary 
spot heating is taken care of by small internal-combustion or electric 
units. , 


2.0 SeLecriIon or Hratine System 

Summarizing the advantages and disadvantages of the heating sys- 
tems discussed before, the following recommendations are made for 
the selection of the most suitable method: 


2.1 ELECTRIC HEATING is recommended for the heating of such acces- 
sories which can not be easily reached by ducting or piping, such as 
propellers or the pitot static heads of the air-speed indicators, or which 
require localized and well-regulated heat, such as cameras, gun sights 
and lenses. Electrically-heated flying suits are very advantageous for 
personnel heating in cockpit-type planes or in exposed portions of 
larger planes which are not suitable for duct heating, such as swiveling 
gun turrets. For galley requirements clectric hot plates are preferred 
to other means of galley heating, as are electrically heated covers for 
equipment of small size. Electric heating is so extremely simple, 
efficient and controllable, there is only one limiting factor in its selec- 
tion, and that is not so much the current consumption as the weight. 
In view of the advantages of this heating method, it would be easy 
to provide for larger storage batteries or generators were it not for the 
excessive weight of such apparatus. According to an interesting 
analysis by Vernon H. Grant,’ it takes 108 Ib to store enough electric 
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energy to produce one kw for one hour. One kw is equivalent to 3415 
btu/hr, so that electric heating adds a weight of 1 Ib for every 35.1 
btu/hr. Since this is based on 100% efficiency and does not take into 
account the weight of the electric heater itself--although this is very 
small—a weight-to-heat output ratio of 1 1b/0.03 stu is a more probable 
figure, Comparing this to the previously mentioned ratio of 1 1b/10 
stu for other types of heaters, demonstrates the large loss in weight 
which electric heating entails. 

On the other hand, these figures are conclusive only for compara- 
tively large heat outputs. The weight-to-heat output ratio of exhaust 
and combustion heaters becomes increasingly unfavorable with smaller 
heat outputs and, at a capacity of 10 stu, it increases to 1 Ib/1 stu and 
more, Adding to the weight of the nonelectric heater that of the duct- 
ing, diffusers and other transfer components, it becomes evident that 
electric heating is just as cheap or even cheaper, in terms of weight, 
for small outputs. Another important consideration is that electric 
heaters are usually in close contact with the part to be heated so that 
the overall efficiency is far greater than that of blast heating. Tt will 
always pay to select electric heating for net requirements below 1 stu. 


2.2. EXHAUST-GAS HEATING. As will be remembered heat can be extracted 
from the exhaust gas of the engine in several ways, namely by means 
of exhaust air heaters, exhaust steam heaters, and exhaust liquid 
heaters. 


2.21 Exhaust Air Heaters are, essentially, central heaters suitable for 
the supply of large heat quantities. They are particularly favored for 
anti-icing of wings, anti-frosting and for cabin heating. Equipment 
heating is, at present, confined to the accessory section of the engines, 
or such accessories which are located inside the cabin. 

Ducting to remote outlets is not desirable. For the same reason, 
empennage heating is feasible mainly in planes of medium size. 
Ground-heating is not possible unless an engine can be idled. As a 
rule, exhaust air heaters should be selected where large heat quantities 
are required during flight and where extreme simplicity of the heating 
plant is an important factor. 


2.22 Exhaust Steam Heaters have been largely replaced by other heat- 
ing systems, although there are still a number of installations in use on 
transports, The weight, service requirements and other disadvantages 
of steam heating have proven a handicap in military operations and 
more than offset its advantages. 

One of the principal features of steam heating is the fact that it 
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‘but also to operate them on. the 


lends itself very well to accessory heating. The lines carrying the steam 
or hot condensate can be easily coiled around equipment, or provided 
with fins and framed around large, flat areas which have to be heated. 
However, in spite of this advantage, exhaust steam heaters are not 
favored for military airplanes and have probably only a limited future 
in post-war, commercial aircraft. 


2.23 Exhaust Liquid Heaters share not. only most of the disadvantages 
of steam heaters but their weight-to-heat output ratio is very un- 
favorable. They have been used for accessory heating and galley 
requirements, however, their general consideration as a major source 
of heat supply is not recommended. 


2.3 INTERNAL-COMBUSTION HEATERS are very suitable for spot heating, 
particularly at locations which are not easily accessible. They are also 
practical for the anti-icing and 
heating of the empennage sec- 
tion of large aircraft. Many 
central heating systems em- 
ploy internal-combustion heat- 
ers throughout, although ex- 
haust air heaters are beginning 
to replace the former for the 
anti-icing of wings and cabin 
heating. 

The main advantage of these 
heaters is their portability and 
independence from the air- 
plane. This makes it possible 
not only to locate them in any 
convenient part of the airplane 


ground. If equipped with their 
own engine, they do not. even 
need supply of electric current. as 

Although the weight-to-heat Fig. 110 
output ratio is the same or, 
sometimes, even more favorable than that of exhaust air heaters, they 
are more complex and difficult to operate. Ignition and operation at 
altitude is often a problem. These disadvantages, however, can be 
minimized by proper design. 


2.4 GROUND HEATING can be accomplished in two ways, namely either 
by means of outside or integral heaters. 
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9.41 Outside, Ground Heaters are provided at regular landing fields 
as part of the ground air-conditioning equipment which had been 
discussed before. Figure 110 shows a standard Delco oil-burning fur- 
nace in one of U laited Air Lines’ air-conditioning trucks. The sapacity 
of the heater is 250 stu. It is operated by a power take-off from the 
truck motor. 

Such heaters are suitable only for commercial operations. Military 
planes are heated merely enough to keep or make the plane operative 
for immediate take-off even after Jengthy stays on the ground during 
cold weather. Outside, ground heaters for this purpose are aialy 


used for engine pre-heating, and are fired by gasoline or propane. 


2.42 Integral Ground Heaters are to provide heat to the plane, its 


‘ig. 111 


occupants and accessories on the ground, independent from any out- 
side sources. This is often of considerable importance to military planes 
which may be aes to cold g ground winds for many hours yet must 
be ready for take-off at a moment's notice or may also have to serve as 
living quarters for their crew, with no outside sources of electric 
current or, heat available. 

At this writing, most integral ground heaters are of the internal- 
combustion type, sometimes with a small engine to drive the blower 
and furnish electric power. The Stewart-Wamer ground heater, shown 
in Fig. LL, is an example of such a unit. It is comp pletely self-contained, 
weighs 183 Ib and requires no connections to the outside or the 
airpk ane. It is mounted upon a sled, equipped with rubber eae 


and can be installed in the plane as an integral component, or re- 
moved and used as an outside heater. The fuel is regular ae 
gasoline, 


‘The choice between outside and integral ground heaters often deter- 


mines the choice of the main heating plant. If an integral heater is 
necessary for ground operation, it is usually feasible to use the same 
heater during “flight in order to avoid duplication and unnecessary 
weight. For this reason, internal-combustion heaters are esas 
preferred to exhaust air heaters, although the latter might be more 
suitable as flight heaters in a particul: ar installation; both systems may 
be used together during flight, with the internal-corabustion heater 
alone taking care of the limited heat requirements on the ground. 


8.0 Seuecrion BY CoM¥FORTIZATION "Typr 


The final consideration in the selection of heat supply is the purpose 
and type of airplane in which it is to be installed. Unfortunately, 
there are so many combinations between the. comfortization types, 
military and commercial applications, requirements of ground heating 
and others, that it would be futile to attempt the esta blichment of fixed 
rules, and much must be left to the common sense of the designer, 

Theré are, however, a few considerations which may serve as a 
general guide, 


8.1 cockrrr TyPE 


3.11 Non-military. Heating of non-military airplanes of the cockpit 
type is frequently not necessary but always desirable. Heat supply 
may be furnished by a small exhaust air heater or a spot heater of the 
internal combustion type. The latter are somewhat lighter and more 
efficient for planes with engines of small power. 

As a rule, neither anti-icing nor ground-heating is required. 


3.12 Military. Cockpit heating should be provided under all cireum- 
stances by means of either an exhaust air or internal-combustion heater. 
The former.is preferable if it is necessary to furnish heat also for anti- 
icing and equipment or if two individual cockpits have to be heated. 

Internal-combustion heaters are favored in case ground heating is 
specified which is not the rule in such planes. ome a combina- 
tion of a combustion. heater for cockpit and ground heating, and an 
exhaust air heater for anti-icing will prove very practical. 

Electric flying suits are recommended for cockpit-type planes fying 
at high altitudes and low temperatures. 


3.2 CABIN TYPE 


3.21 Non-military cabin-type planes are usually private planes used for 
long distance travel at medium altitudes, Again, the choice between an 
eahatist air heater or an internal-combustion type spot heater is a 
matter of opinion. The former is somewhat simpler for the private 


[293 J 


owner to operate; the latter provides ground heating which may occa- 
sionally be desired. 

Heating of wings and accessories is normally unnecessary. However, 
if a special use of a plane requires means for ice-remov al, an exhaust 
air heater should be selected. In this connection, it should be remem- 
bered that engines of low horsepower rating make it difficult to obtain 
satisfactory heat extraction from the exhaust. 


3.22 Military cabin-type planes are considerably larger than their non- 
military equivalent: They are medium bombers and transports which 
carry a crew of about five persons and a considerable amount of 
armament and equipment which must be heated. Altitudes and speeds 
are high so that the outside temperatures and heat losses become 
important factors. In addition, planes of this type are usually vey 
little or not at all heat-proofed. 

Due to the very large infiltration of cold air and the difficulties 
encountered in installing a ducting system, spot heating has been 
preferred up to this time. Heaters for this purpose are of the internal- 
combustion type and located near the persons or een to be 
heated, For flying at very low temperatures use of electrically-heated 
flying suits is often more adequate. 

The heat requirements which have been added by the need for anti- 
frosting of windshields, bombsights and cameras, for anti-icing and for 
the hea iting of g gun breeches, ammunition, cameras and similar equip- 
ment, make the installation of a central heater mandatory. The trend 
appears to be towards the use of exhaust air heaters for anti-icing, anti- 
frosting and heating of the accessory section of the engine, internal- 
combustion heaters for cabin and ground heating, and electric heating 
of remote accessories. 


3.3 COMPARTMENT TYPE 


3.31 Non-military compartment. -type planes are invariably commercial 
transports. At present, the heating systems in these planes use either 
exhaust air heaters, internal-combustion heaters or exhaust steam 

heaters, with occasional installations of exhaust liquid heaters. Acces- 
sory heating is limited to heating of the pitot static head of the air-speed 
indicator, which is done electrically, and carburetor heating, which is 
accomplished by blowing air past the exhaust pipe and over the 
carburetor. Water heating is effected either by electric immersion 
heaters or, in planes with steam or liquid heaters, coils carrying steam 
or hot glycol. Often, hot water is stored in thermos bottles in order to 
avoid the need for heating it on the plane. This applies also to food, 
which is brought aboard hot and stored in heat-insulated containers, 
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Galley requirements on trans-oceanic airliners are met either by the 
use of electric hot plates, or coils containing steam or hot glycol. 

Ice removal is accomplished entirely by means of rubber-boot de- 
icers on the leading edges of the wings and control surfaces, and, for 
the propellers, by means of anti-icer fluid which is sprayed over their 
blades. 

From all indications it appears that this picture will change con- 
siderably after the war. Commercial travel at high altitudes and over 
long distances will require a much more complex heating installation. 
Anti-icing will take the place of de-icing. Instruments, battery boxes 
and gyro will have to be heated. Windshields and windows will require 
heat for anti-frosting. Adding these heat requirements to those of cabin 
heating, it is obUOUS that the old methods of heat supply do not 
suffice. 

It is generally conceded that the task of heating will be split be- 
tween two groups of heating systems: exhaust air hese on at least 
two of the engines, and a system of electric heaters. The former will 
supply heat for anti-icing, anti-frosting, heating of the engine acces- 
sories and cabin heating. The latter will take care of heating “ol exposed 
and remote accessories. 

The further development of exhaust air heaters and the ease with 
which ducts can be installed into a commercial plane—considered dur- 
ing the design stage—may eliminate the need for providing an internal- 
combustion heater for the heating of the empennage section, 

Ground heating for land-based airliners appears to be unnecessary 
in view of the ground-heating equipment with which all regular land- 
ing fields are equipped. However, heating of ilying boats by means of 
such equipment may not always be feasible. In such cases, the boat 
should be equipped with an integral ground heater of the internal- 
combustion type. During flight this heater can be used to supplement 
the exhaust air heaters. 


3.82 Military. The selection of heat supply for military planes of the 
compartment type is based on essentially the same considerations as 
those for non-military planes. Spot and central internal-combustion 
heaters are preferably augmented by exhaust air heaters for anti-icing 
and similar tasks. 

Electric heating is used even more extensively than on cabin-type 
planes since more current can be expended for such purposes. 

Ground heating requires the installation of an internal-combustion 
heater which, during flight, may be used for the heating of the empen- 
nage section. 

The heating of large, remote and inaccessible areas, such as gun 


[225 ] 


ey the nose of the ship and unpressurized portions of a super- 
charged plane, is preferably accomplished by means of combustion 
spot heaters unless ducting of hot air to these parts is possible and 
practical. 

Galley requirements should be met by the use of electric hot plates. 


4.0 SPECIFICATIONS 


After the heat supply has been calculated and selected, the designer 
must specify it in such a way as to make. the results of his investiga- 
tion, his conclusions and decisions available to those who are to design 
and furnish this equipment. 

The sample calculations carried out in the previous chapters indicate 
the amount of data which must be supplied in order to design, for 


Fig. 112 


@) yailte 2, a suitable exhaust air heater. These calculations also illustrate 
the futility of stressing the need for lightness, ease of control, depend- 
ability, safety and other features which should be apparent. 

Instead, it is more important to watch for four ioe. inherent to 
military flying in particular, which are not always sufliciently con- 
sidered in specifying aircraft heaters: (1) operation at low tempera- 
tures, (2) low air densities, (8) low humidities and (4) high gravita- 
tional forces. 

In order to be sure that the vital and somewhat hazardous heating 
equipment will perform even under the most adverse conditions, and 
when it is needed most, a test program must be specified which is 
based on a combination of all conditions to be met. 

Such requirements are not unreasonable since suitable test equip- 
ment for these purposes has been developed to a marked degree of 
perfection and permits the simulation of high-altitude conditions, 
taking into account all of the factors mentioned above. Figure 112 
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shows a test chamber, developed by the York Ice Machinery Corpora- 
tion, which permits tesf-flying on the ground of an entire cockpit, 
including its accessories, Comparatively simple equipment suffices for 
endurance tests of individual components, such as shown in Fig. 113, 
which served to perform life tests on combustion chambers for Airmax 
Altiheaters. 

A typical example of proper engineering is the heater relay shown 
in Fig. 114 which is manufactured by the G.-M. Laboratories. After 


Fig. 113 Fig. 114 


thorough development to meet specifications, the final tests proved 
that this relay will operate successfully against a gravitational force 
of 15 g, at a temperature of —60° and air densities and humidities 
corresponding to 40,000 feet. Without such tests, there would be no 
assurance that the relay might not fail in a steep bank or dive at high 
altitude and make the entire heating scheme inoperative. 

For these reasons, the writing of sensible and intelligent specifica- 
tions, and the proper choice of suppliers are just as important as 
correct calculations. 

Once the heating equipment has met all tests and performed in 
accordance with specifications, there still remains the question as to 
whether the many assumptions on which the original calculations had 
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to be based, are correct. However, only the steadily increasing data 
obtained through actual use can provide the designer with material 
to verify his assumptions and to replace them gradually with proven 
factors. 
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XVII 
FUNDAMENTALS OF SOUNDPROOFING 


1.0 Inrropucrion 


Soundproofing of airplane cabins has always been one of the major 
problems in the design of modern aircraft. [t consists not merely of 
pasting some felt on the skin of the fuselage but requires observation 
of rigid rules with which everyone concerned with the design, main- 
tenance and handling of airplanes should be thoroughly familiar. For 
this reason, a study of the fundamentals of soundproofing is of the 
greatest importance to all aeronautical personnel. 


1.10 PHYSIOLOGICAL EFFECTS OF NOISE. Noise affects different people in 
different ways. Some persons seem to be, or easily become, immune to 
noise while others grow increasingly irritated and nervous if exposed 
to even little noise. Studies show that, as a whole, the noise encoun- 
tered in factories and the streets of large cities has a progressively 
deleterious effect on the nervous system of the average person although 
this effect may not always be realized immediately. 

The noise level in a non-insulated airplane cabin is far above the 
normal level of human endurance. This is illustrated in Fig. 115 which 
shows noise conditions in a number of places and vehicles, ranging 
from broadcasting studios to the cabins of four-engine bombers. The 
intensities are compared in three different ways, (1) by the noise level 
in decibels, which will be explained later, (2) the Comfort Level and 
(3) the Speech Level. 

The comfort level is denoted as CL-, followed by a number which 
designates the degree of comfort or discomfort as shown in the table 
below: 


Comfort Level: CLel oo... 0... ee Very comfortable; 
CUP 5 cho Seth Eee oes Comfortable; 
“s Cle) vse Si ceniainaiyes Slightly uncomfortable; 
8 IAS oe ean Se Beals Uncomfortable; 
Gi IP; eee are ree eee Very uncomfortable; 
GiGi ccs bakit ynded .. Painful. 


Similarly, the speech level is denoted as SL-, followed by a number 
which designates the effort required for conversation as shown below: 
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Fig. 115 


Speech Level: SL-l .......... Matinee .. Whisper; 
Shs2 ven ignb bea Normal; 
Sle eshte Satie ... Raised voice; 
SUAS cite Be ee aa Very difficult; 
SUS cancels hvahcte x iavicy Shouting; 
S68 pat peace aes . Impossible. 


The values in Fig, 115 are somewhat arbitrary as available data 

vary widely and the results obtained by measurements depend on a 
great number of factors which can differ considerably, even for the 
same place. It is obvious, however, that the noise level on a non- 
insulated, multi-engine airplane such as a medium or long-range 
bomber, is very much above the limit beyond which noise becomes 
painful and regular conversation impossible. 
- Under these circumstances, it is not surprising that passengers on 
commercial airliners demand soundproofing as one of the main pre- 
requisites of comfort, and it will be remembered that Zand’s uve 
tions proved noise to be the number one discomfort on she early 
transports.’ Therefore, soundproofing of the cabins of airliners is a 
commercial necessity. 

What about military airplanes? Young and healthy persons are less 
affected than older ones. Thus, it should be expected that aviators 
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who are selected for their physical fitness are little if at all susceptible 
to thé effects of noise, and that no costly weight need be sacrificed on 
military aircraft for soundproofing installations. This is true only to a 
certain degree. 

In discussing the military value of various comforts (see Chapter 1D), 
it was stated that pilots have been found to suffer definite hearing 
losses, if exposed to very loud engine and airborne noises on aircraft 
for any length of time. C. C. Bunch? explains that hearing losses begin 
with tones of higher frequencies, or above 2000 cycles per second. 
With continued exposure, such as that experienced on long bombing 
missions, acuity for tones of lower pitch is lowered also and, since 
normal speech contains frequencies from 120 to 8000 cycles, it 
becomes. iner sasingly difficult to understand certain letters or even 
words over the radio, The radio guide beam must be turned on louder 
than normal, and conversation over the intercommunication system is 
badly affected. Obviously, hearing thus impaired is a grave handicap 
when receiving instructions for maneuvers, landing or action. 

The after-effects are equally disturbing. Blight crews report that, 
after lengthy trips, the sudden cessation of noise -to which they had 
become accustomed—which may be termed negative noise—is as pain- 
ful as the positive noise and that, for hours after de-planing, they find 
it difficult not only to hear but also to quiet their nerves. 

Since even in military fliers a normal degree of sensitivity to exces- 
sive noise must be taken into account, a reasonable amount of sound- 
proofing should be considered as one of the most essential comfort 
items on military aircraft. 


1.20 Theory of Sound. Many engineers consider sound a rather abstract 
science, This may be due to the fact that very few of the analogies 
which connect other fields of physics can be applied to sound. As was 
stated in the case of heat transfer, most practically minded persons 
have neither the time nor inclination to bother about things which are 
too theoretical and complex to be of direct value to their work, How- 
ever, just as the physician must be thoroughly familiar with the theory 
of a disease in order to be able to cure or fight it, is is essential to 
know the laws and phenomena pertaining to a physical effect before 
it is possible to utilize or counteract it. Thus, at least a limited knowl- 
edge of the theory of sound is mandatory for the practical understand- 
ing and use of soundproofing. 

It is, of course, impossible in this book, to discuss sound and noise 
in more than a very general way. Those who wish to study this inter- 
esting science will find references to some excellent text books on this 
subject at the end of the chapter. 


[231] 


1.21 Definition of sound, as proposed by the Acoustical Society of 
America and approved by the American Standards Association, states 
that: 

1, Sound is an alteration in pressure, particle displacement or 
particle velocity, propagated in an elastic material or the superposition 
of such propagated alterations. 

2. Sound is also the sensation produced through the ear by the 
alterations described above. 

Sound, as we hear it, is usually generated by vibration of a body 
and transmitted to the human ear by rapid contractions and expansions 
(condensations and rarefactions) of the transmitting medium, normally 
air. These contractions and expansions are registered by the brain as 
sound, if they occur at frequencies between 20 and 20,000 complete 
vibrations or cycles per second. The upper limit varies for different 
persons and with age, decreasing as the age increases. If the amplitude 
of the sound wave is very large or the sound disharmonious, the sensa- 
tion is unpleasant and commonly termed noise. The measure of un- 
pleasantness varies with the individual. 


1.22 Properties. The velocity of a sound wave in air, at standard at- 
mospheric conditions and at 68° Fahrenheit, is 1125 feet per second. 
It varies with the density of the air, that is, at different temperatures, 
atmospheric pressures and altitudes. It also increases slightly for very 
intense sounds. 

The velocitysremains practically constant at all audible frequencies 
but is somewhat greater at supersonic frequencies or those in excess 
of 20,000 cycles per second. The greater the frequency, the higher is 
the pitch of the sound. 

Since sound travels in a longitudinal wave in which the vibrating 
particles move forward and backward in the direction of the wave, 
its properties are quite different from those of disturbances moving in 
transverse motion, such as radio and light waves. Most of these 
properties, at least as far as they concern soundproofing, relate to the 
intensity of sound. Therefore, it is necessary to discuss the measure- 
ment of sound before going any further. : 


2.0 MEASUREMENT OF SOUND 


Foremost of all factors which aggravate the understanding of the 
phenomena of sound and noise, is the apparent complexity of their 
units. Unfortunately, sounds cannot be measured in units as simple 
as inches or volts or minutes. There are a number of reasons for this. 
Firstly, the ear does not add sounds arithmetically. In other words, 
if a sound is added to another one of the same intensity, the ear does 
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not add the two sounds to establish one of double intensity but rather 
to one of slightly higher intensity than that of the single sound. 
Secondly, two sounds of the same intensity but of different frequency 
do not seem equally loud to the ear. Thirdly, the intensity of a very 
loud sound may be as much as 2.5 X 1018 greater than that of a sound 
which can barely be heard. With such a tremendous range, an arith- 
metical method of measurement, that is, addition or multi plication of 
a normal unit, would be very impractical, 

The case would be hopeless, if it were not for a very handy, although 
of _ disliked tool which mathematics provides, namely the logarithmic 
scale. 


2.1 THE DECIBEL. It all started when telephone engineers sought to 
define the relationship of electric power ratio to sound sensation.’ 
As sound is converted into electric energy and travels through many 
miles of telephone wire, an attenuation or decrease in energy takes 
place due to line losses which must be measurable by some sort of 


_ unit so that they can be compensated for accurately, 


The first unit used was the so-called loop mile. This unit was equal 
to the loss in one mile of standard telephone wire of given properties 
and would have been acceptable were it not for the fact that attenua- 
tion varies with frequency. The next step was to give the line loss in 
terms of a ratio, namely that of the power input to the power output. 
Since the range between input and output is very large and increase or 
decrease is not arithmetical, a unit was evolved which shows the 
power loss in terms of the logarithm of the ratio between power output 
and input. This unit was called the Bel in honor of the inventor of the 
telephone, Alexander Graham Bell, and is expressed by the following 
formula: : " 

ey " - l. 
Power Loss in Bels = log Suita _ 
Power Output 


Similarly, the difference in the intensities of two sounds, I, and I,, is 


given by: 


I 
Bel = log se 
- (2) 


Since the Bel is somewhat larger than convenient in acoustics, it was 
finally decided to introduce a unit which is one tenth of a Bel and 
which was, therefore, called the decibel, or abbreviated, db. Thus, the 
formula finally adopted to express the difference between two sound 
intensities is: 
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I, 
db = 10 log Fs (3) 


% 


All of this sounds rather complicated but it is not necessary to 
understand the derivation of formula (3) fully as long as it is used in- 
telligently. It is the fundamental equation for all calculations pertain- 
ing to sound, and a brief analysis of its nature might be helpful in 
making it a little easier to work with. 


2.2 sounp inreNstry. It must be remembered always that the decibel 
: not a unit in the common sense of the word but a ratio or, rather, 
the logarithm of a ratio. The logarithm or log, incidentally, is the 
Briggs logarithm, often denoted as log,,. It should be borne in mind 
further that the Jogarithm of the ratio of two numbers is equal to the 
difference between the logarithms of these numbers. For instance, the 
log of 1,000,000 divided by 100 equals the log of 1,000,000 minus the 

leg of 100 or: 

1,000, 000 
OR Sac 

100 


Since the log of 1,000,000 is 6 and that of 100 equals 2, the term 


~s= log 1,000,000 — log 100. 


100 


Assuming now that an electric signal of 100 microwatts is fed into 
a radio amplifier and the output has been measured to be 1,000,000 
microwatts or one watt, the gain of this amplifier in db would be: 


1,000, 000 


xain = 10 log —--——-—-- = 10 & 4 = 40 db 
100 


or, in other words, the difference between the output and input levels - 


is 40 decibels. 

if the fundamentals of calculation by means of the logarithm are 
known, it is now easy to see why a large difference between two sound 
intensities gives a comparatively small figure for their difference in 
terms of decibels, and that the absolute” value of the intensities is 
unimportant since only their ratio is considered. Thus, if the intensity 
of one particular sound, I,, is ten times greater than the intensity of 
another sound, I,, they differ by ten decibels because: 


9 


Ty 
db = 10 log — = 10 log 
8 7 og 


The logarithm of 10 equals 1, so that: 
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db = 10 Xi = 10 


If two intensities differ by one decibel, the log of their ratio must be 
1/10. The number whose logarithm equals 1/10 is 1.26, and the inten- 
sity of a sound must be increased by 26% in order to raise its noise level 
by 1 db. 

It is interesting to see what happens, if the intensity of a noise is 
doubled. Assume that the noise produced by an airplane engine has 
been found to measure 100 db. Now another engine is started, also 
producing a noise of 100 db. In adding these two noises, the first 
thought would be to add 100 and 100 and call the total din 200 db. 
However, a now simple calculation shows an entirely different and 
quite surprising result. J, is twice as large as I, because the original 
intensity I, has been doubled. Therefore; 


Sn Ay seo 
db = 10 log ~—— = 10 log 2 


Examination of the log tables shows that the log of 2 is approxi- 


. mately 0.3 so that: 


db = 10 X 0.8 = 3 

Consequently, adding the noise of one airplane engine which pro- 
duces 100 db to another one making a noise: of the same intensity, 
raises the noise level by only 3 db. Sines it does not make any differ- 
ence whether the two sources of noise et oduce 100 or 50. db, as long 
as the final noise intensity is twice as large-as the original one, it 
follows that doubling the physical intensity of a noise, no matter how 
small or large, 1 results in an increase of 8 db, Conversely, cutting the 
intensity in half, reduces the noise level by only 3 db. - 

Although the question of existing and desirable noise levels on 
aircraft has not yet been ‘discussed, it becomes apparent now that 
noise reduction is not an easy task, if even elimination of one of the 
two engines on an airplane results in such a small decrease in ee 
level. To understand this phenomenon better, it is necessary to find 


out how the human ¢ ear reacts to all of this theoretical diagnosis of its 
wants, 


2.3 REACTION OF THE EAR. It had been mentioned before that the range 
between the faintest sound which the average human ear can hear and 
the loudest sound which it can register without injury is extremely 
large. This is possible only because the ear does not add intensities 
arithmetically but logarithmically, Thus, instead of adding intensi- 
ties, it adds decibels. 

Tt so happens that, if an average person can just about detect the 
difference between the intensities of two sounds, these sounds differ 
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by one decibel, or, physiologically, the decibel is the minimum differ- 
ence in level which the human ear can register. The fact that the 
physical and physiological units are very arin is not purely coinci- 
dental, Howev er, their real relationship has not yet been fully under- 
stood and is still the subject of research. 

It is quite fortunate nature has made the human ear hear 
logarithmically. If, for instance, a musical instrument which pro- 
duces a sound of 50 db is augmented by another one, also producing 
50 db, the total noise level is not 100 db but, as will be remembered, 
increases by only 3 db so that the new noise level is now 53 db. Adding 
a third instrument, which produces 53 db, again doubles the sound 
intensity but raises the total noise level only to 56 db. Since levels 
above 100 db are registered as painfully loud, it would be impossible 
to listen to an orchestra, if the sounds of dozens of instruments would 
add arithmetically. Actually, the combined level of 56 db which results 
from the playing of the above mentioned three instruments causes the 
sensation of very soft music. 

This reaction of the ear is not easy to understand, and the statement 
that the difference between the noise made by one airplane engine and 
that made by two engines is only 3 db or oy three times the 

ninimum difference the ear can barely detect, meets, at first, with 
conden e skepticism. However, the point is proven, if one stands 
close to a two-engine airliner which is about ready to take off. As the 
first engine is started, it produces a roar and din which is so loud that 
it is painful to the ears. After a few seconds, the second engine is 
started, and it will be noticed that the combined noise from the two 
engines is not very much louder than that caused by a single one. 
The whole difference is onl y 8 db. 

By the same token, as the airliner comes to a landing, the noise from 
its engines is highly uncomfortable although they are merely idling. 
When the first engine is stopped the noise seems hardly reduced and 
is still very uncomfortable. 

A classic example of this phenomenon is that of an applauding 
audience, Assume that there are 100 people in an auditorium who 
applaud with the same degree of intensity. Suddenly, half of these 
people stop applauding. Amazingly, there is not as much decrease in 
noise as one might expect—again only 8 db. However, if all 100 people, 
simultaneously, reduce the intensity of their applause, a very marked 
decrease in noise will be observed. 

The lesson to be learned from these studies shows that it does little 
good to eliminate only one or another source of noise on an airplane, 
and that even removal of an entire engine or total soundproofing of 
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all propellers contributes relatively little to the soundproofing scheme. 
Drastic reduction of the noise produced by every contributing source 
is the only efficient means for worthwhile reduction of the combined 
noise level as the ear hears it. 


2.4 REFERENCE LEVEL. In the previous pages the term noise level has 
been used quite freely. It is evident that it refers to a noise of a certain 
db rating. Thus, a noise level of 80 db is understood to represent a 
total noise, produced by one or more sources which add up to 80 db. 

However, if it is remembered that the decibel is not a unit like 
the inch or pound, but a ratio between two intensities, it will be 
found that the term “80 db” as such is meaningless in describing the 
intensity of a certain noise. It merely implies that the intensity OE this 
noise is 80 db greater than that of another one, without giving the 
quantity of the latter. Looking at formula (3) again: 


Ii 

80 db = 10 log — 

aT 

in which I, is the intensity of the noise which was said to amount 

to 80 db, and I, is the intensity of an unknown noise to which J, must 

be compared according to the definition of the decibel. Conv versely 

speaking, all that the term “80 db” conveys in describing the intensity 

of a noise is that it is so-and-so many times larger, but it does not say 
larger than what. 

For this reason it is necessary to establish a definite value fox ie 

and to have it understood that, in expressing noise in terms of db, 


. the number of db of a noise always refers to the difference between 


this noise and the agreed-upon reference noise. Then, if a noise is 
merely given in db’s, everybody knows that its intensity I, is a cor- 
responding number of times greater than the reference intensity. This 
differs in no way from other units of measure because, in stating that 
a wire is 10 inches long, it is understood that the wire is ten times an 
agreed-upon unit of length which has been called inch. If the length 
of the wire were simply denoted by the figure ten, it could mean inches 
as well as feet or miles. 

Therefore, in expressing a noise level in db, it is me necessary 
to refer to the level from which the noise is measured, or the so-called 
reference level. 

A number of convenient reference levels have been recommended in 
the past of which three in particular have been used widely. ‘The first 
one of these levels proposes the threshold of aoe as the zero mark 
from which all other levels are measured. The dis advantage of this 
scale is its dependence on the subjective reaction to auditory sensa- 
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tions which may vary widely for different individuals, More reliable 
is a mathematical definition such as by establishing a reference sound 
intensity. This method is used in the other two scales. 

Sound intensity is measured in watts/sq em, while sound pressure, 
which will 1 be discussed shortly, is measured in conventional, small 
units of pressure, such as the dyne/sq em or the millibar (L mb = 
0.0145 Ib/sq in.), One threshold, which had been used quite widely up 
to a few years ago, is the sound intensity corresponding to a sound 
pressure of 1 millibar. On the basis of this se ale, a noise Jevel must be 
designated as “x db above 1 mb.” 

The Ataecoan Standards Association has adopted a different level 
which is not only somewhat more convenient but quite close to the 
threshold of hearing. The zero point on this scale is a sound intensity 
of 10° watts/sq cm which, incidentally, corresponds to a sound pres- 
sure of 0.207 mb or 0.0002 dy yal cm. This intensity is slightly less 
than the threshold of audibility for the average ear at a frequency 
of 1000 cycles per second. Since noise levels vary not only with in- 
tensity but also with frequency, the corre ct way of identifying a noise 
level in this scale is to state that it is “x db above 10° watts/sq cm 
at 1000 eycles/second.” 

In order to convert decibels above one millibar into decibels above 
10° watts/sq em it is only ee to add 14 db to the millibar 
scale. These complications and subsequent errors could be avoided, 
if there were general agreement on the scale. Since it appears that the 
one adopted by the ASA is finding increasing acceptance, all noise 
levels mentioned hereafter shall he understood to be based on a 
reference level of 107% watts/sq cm, at a frequency of 1000 cycles/sec. 


2.5 SOUND-MEASURING METHODS. There are two ways of measuring 
sound: the subjective and objective methods. In the former, the sound 
to be measured is compared with one of known intensity. As this 
method depends on the individual reaction which is different for every 
person, it is not very reliable nor accurate although it is quite simple. 
More common and useful is the objective method which employs a 
so-called sound-level meter. This instrument consists of a microphone 
and a high-gain audio amplifier, with a milliameter across its output 
which is calibrated in decibels. Since engineers are more interested in 
the relative loudness of a sound as it is perceived by the ear rather 
than its physical intensity, the instrument contains a weighing net- 
work so that its sensitivity can be decreased for those frequencies to 
which the ear is less sensitive. This arrangement has the further advan- 
tage that it can be used to determine Gn frequencies predominate 
ina given noise and to what extent. 
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Measurement of sound by mechanical means and without the aid of 
amplification is not impossible but highly impractical. The energy con- 
tained in a sound Joud enough to produce an auditory sensation is ex- 
tremely small, although it might appear that the noise from an airplane 
engine, for instance, might have a good deal of mechanical energy. 
However, measurements have shown that the average power of a 
speaker is only between 25 and 50 microwatts. Consequently, it would 
take 15 million people speaking simultaneously to produce the equiva- 
lent of one horsepower.‘ 


2.6 Loupness. To complete the picture, it is necessary to nention briefly 
two other concepts in connection with sound, not only on account of 
their importance but because they often result in misunderstandings. 

The first concept is loudness. Loudness and intensity are by no means 
the same. The former is a physiological quantity while the latter is a 
purely physical one. The ear judges a sound not only by its intensity 
but also by its frequency. Thus, two sounds of the same intensity and 
frequency are perceived as equally loud. However, two sounds of dif- 
ferent frequency are adjudged as being of different loudness although 
their intensity is the same. This difference can be very large. For 
instance, a 90-cycle note at 40 db seems to sound equall y loud as a 
400-cycle note at 10 db. For this reason, it has been necessary to agree 
on a reference frequency, namely 1000 cycles/sec, in establishing a 
reference level for loudness. 

Accordingly, the intensity of a sound refers to the energy contained 
in this sound, without considering the sensation which it will create in 
the ear. The loudness level of a sane on the other hand, is said to 


be equal to the intensity level in decibels of a 1000-eycle note which 


sounds equally loud. 
The unit of loudness is the phon. By definition, zero phons equal 
zero decibels at 1000 cycles. Similarly, 10 phons equal 10 decibels, if 
these ten decibels refer to the intensity of a 1000-cycle note. Phons will 
not be used in this text and have been mentioned merely to emphasize 
the difference between intensity and loudness. 


2.7 SOUND PRESSURE is another concept requiring a few explanatory 


remarks. If a sound wave strikes an object, such as the ear drums or 
any other medium in its path, it exerts a certain pressure which is 
termed sound pressure. Sound intensity is related to sound pressure by 
the following equation: 


Fite watt (4) 


in which ~ 
1 = sound intensity in ergs/sec/sq cm 
p = effective sound pressure in dynes/sq em 
¢ = alr meee: in grams per cc 
= sound velocity in cm/sec 
The value te: d X c, under average conditions, is about 41. Substitut- 
ing for intensity in equation (8), 
Pp? 
db = 10 log —- 
< se : p oe 
From this is derived: 
P 
db = 20 log rs (5) 


0 


This formula expresses the decibel in terms of sound pressures in- 
stead of intensities. As mentioned before, the sound pressure at the 
threshold of hearing equals 0.0002 dynes/sq cm, which again corre- 
sponds to the pelevenee intensity of 107% watts/sq cm at 1000 cycles. 

It should be noted that the log of the ratio of two sound pressures 
must be multiplied by 20 in order to equal the number of decibels by 
which these two pressures differ while the log of the ratio of two sound 
intensities is multiplied by 10 to give the ain ber of decibels by which 
the two intensities differ. As was shown before, doubling the intensity 
of a sound, increases the noise level by 3 db, but, doubling the sound 
pressure results in an increase of 6 db. 

Inasmuch as the reference level used in this text is based on a 
reference intensity, the concept of sound pressure has been discussed 
only for the sake of avoiding misunderstandings. 


3.0 PrincipLes or SOUNDPROOFING 


The foregoing explanations cover but a small fraction of the many 
and complex phenomena of sound. However, if they are fully under- 
stood, they will provide the fundamental knowledge required for the 
reduction of noise in airplane cabins. 

In applying this knowledge, two factors stand out, namely, that 
noise reduction must be obtained by simultaneous reduction of the 
noises produced by all of the contributing sources rather than total 
elimination of the one or another source and, second, that there must 
be a considerable reduction in noise intensity to bring about an 
appreciable decrease in noise level as the ear perceives it. 

There are three basic methods of soundproofing: 

. Reduction of noise at its source by minimizing or eliminating the 
ne responsible for the noise. This method is termed primary sound- 
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proofing. A typical example is the replacement of a noisy bearing in 
an electric motor by a silent one. 

b. Reduction of noise by impeding its transmission and facilitating 
its absorption. This method is termed secondary soundproofing. Con- 
ventional soundproofing installations in homes and offices are a good 
illustration of this method. 

c. Reduction of noise by a combination of methods (a) and (b). 
Examples of such a combination are the soundproofing installations 
in the cabins of modern airliners. 


3.1 primary soUNDPROOFING. Reduction of noise at its source is usu- 
ally more difficult to accomplish than secondary soundproofing. While 
the latter is being undertaken in conformance with definite rules, the 
former depends on factors which are different in every case. Further- 
more, if it is desired to reduce the noise created by a particular piece 
of machinery, it is necessary to be familiar not only with the require- 
ments of ‘soundproofing but also be an expert in the design or re-design 
of such a machine. In addition, the changes required for noise reduc- 
tion must not change the operation of the machine nor, in many in- 
stances, its appearance, price, weight or size, 

Sometimes, primary soundproofing can be achieved by very simple 
means, such as tightening of rattling parts, strengthening of vibrating 
components, replacement of loose or faulty members, insertion of 
shock absorbers, elimination of sharp edges on rotating devices and 
other common tricks. Whenever there is a source of vibration or ¢ 
prime mover, other parts may be made to vibrate and become prime 
movers themselves, for a number of reasons. The study of these reasons 
is the prerequisite of efficient, primary soundproofing, 

Often, reduction of the noise at its source is impossible, For instance, 
an office may: be located above a very noisy factory or near a busy 
thoroughfare. In such cases, the desire or need for more comfortable 
noise levels must be met by the second phase of soundprooling. 


3.20 sECONDARY SOUNDPROOFING is designed to attenuate or decrease 
the intensity of an existing noise to such an extent that the new level 
is as far within the limits of comfort as is possible and practical. This 
can be achieved either by impeding the transmission of the sound 
wave into the soundproofed room or by its absorption within the room, 


3.21 Sound Transmission. The most common medium for the transmis- 
sion of sound is air. Water is another medium which transmits sound 
very well. This is utilized, for instance, in sounding ocean depths by 
sending a sound to the bottom of the ocean and measuring the time 
it takes the reflected sound to return to the ship, Steel, too, transmits 
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sound which can be demonstrated by pressing the ear to a railroad 
track and hearing the rumble of an approaching train although it may 
not yet be visible to the eye. 

Different materials transmit sound to a different degree. The fraction 
of sound energy which is transmitted per unit area of a material is 
called the sound transmissivity of the material and denoted by the 
letter ¢. Transmissivity times the total area is called the transmittance 
of the room and designate d by T. The transmittance of a room is the 
ratio of the sound energy within the room to that existing outside of its 
walls, The decrease in sound energy is called the transmission loss and 
measured in decibels. 

The phenomenon of sound transmission through a wall is explained 
by the fact that a sound wave, upon striking a Body in its path, makes 
it vibrate and this body itself becomes a source of noise. If the wall 
or partition is rigid, its transmissivity depends primarily on its mass 
and is approximately proportional to the log of the mass per unit area 
Thus, the heavy masonry in well-built houses attenuates noise so auch 
that the sound energy transmitted through the walls is en 

Obviously, such a scheme is not possible on an airpl ane. As the 
insulating value of a wall increases so slowly with increasing mass, 
unreasonably large weights would be necessary in order to obtain 
appreciable results. Zand’ states that it would take a weight of 161 
Ib/sq ft to obtain fair comfort in an airplane cabin by relying entirely 
on transmission loss. 

The walls, floors and ceilings of an airplane cabin are of rather thin 
material so ‘at they vibrate easily. Since the mass per unit area is 
small, the degree of vibration now depends mainly on the stiffness and 
damping coefficient of the wall. Consequently, a maximum transmission 
loss through the walls of the cabin is obtained by so designing them 
as to minimize the tendency for vibration and by applying efficient 
damping materials. 

Apart from the difficulties in reducing transmission, there is another | 
one of those peculiar properties of sound which aggravates the sound- 
proofing scheme, namely the ability of sound waves to squeeze through 
the smallest opening. It shall be assumed that the noise outside of an 
airplane cabin is 100 db. If the entrance door is fully open, the noise 
inside the cabin will likewise have a level of 100 db. As the door is being 
closed, the inside noise by no means decreases in proportion to the 
decrease in the opening which admits the noise. Even closing the 
door down to a crack 0.01 inch wide reduces the noise level only by 
10 db. It is necessary to shut the door absolutely tight to obtain a 
sizeable reduction in noise. 

From this follows that even the smallest openings should be avoided. 
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. On the other hand, there are openings for ventilation and other pur- 


poses which are unavoidable. On mil itary airp lanes, numerous openings 
are required for the disposition of equipment such as guns. Therefore, 

the outside noise will squeeze through whatever openings it finds 
and gradually build up the noise level inside until equilibrium is 
reached with that existing outside. 

This phenomenon can be compared to a leak in the bottom of an 
otherwise watertight partition inside of a tub, with water on one side 
of the partition and air on the other. If the level of the water is kept 
constant by replacing whatever is lost by leakage, water will flow 
through the leak into the empty side of the tub until it has reached 
the same level on, the formerly empty side as exists ou the other side 
of the partition. Unless the leak can be completel; y plugged, there is 
only one way of keeping the water level in the second comipartment 
from building up, and that is by draining the water out as fast as it 
leaks in. 

In soundproofing, the noise which leaks into the cabin in spite of all 
precautionary measures can be disposed of by absorbing it. Th erefore, 
sound absorption is the second and most important tool of secondary 
ie oofing. 


22 Sound Absorption has a twofold purpose, namely, to eliminate or 
i eleast minimize noise which is either transmitted into or created inside 
of the cabin. This can be accomplished by the use of materials which 
absorb or soak up the noise. 

Porous and fibrous materials attenuate noise by viscous and fric- 
tional losses within the capillary pores so that the sound energy is 
converted into heat. The logarithm of the energy reduction in db is 
roughly proportional to the thickness of the material. 

The absorbing capacity differs for various materials and is expressed 
by the absorption coefficient ¢, This coeflicient represents the per- 
centage of noise absorbed as compared to that absorbed by an open 
window of the same area. This definition may sound a little odd inas- 
much as an open window could not very well be said to absorb sound. 
However, the engineer is mainly interested in finding out how much 
of the sound energy is being reflected back into the room. The differ- 
ence between the sound energy of a sound wave striking a wall and 
that contained in the reflected wave represents the amount which has 
been absorbed by the wall. Since an open window does not reflect any 
portion of a sound wave passing through it, its absor ption coefficient is 
said to be 1.0. Consequently, if the coeflicient of a felt is given as 0.7, 
one square foot of this material is equivalent to 0.7 square foot of open 
window area in its ability to quench reflection. 
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The absorption coefficient of a material varies with frequency. Thus 
it is necessary either to agree on a reference frequency—usually 512 
eycles/see—or provide the coefficients for several basic frequencies. 
(See next chapter.) The latter is preferable because a soundproofing 
installation may have to be designed for maximum absorption at fre- 
quencies other than 512 cycles/sec. 

The total absorption, C, of a room consists of the sum of all areas 
times their individual absorption coefficients. Therefore: 


C = Cy, xX At + CX As “+ C3 &X Ag ~- oes (6) 


The unit of C, the absorption or absorbing power, is the sabine, so- 
called for a famous scientist of that name. Thus, a room is said to have 
a certain number of sabines of absorbing power. This includes not only 
the sum of all areas times their absorption coefficients but also other 
objects which tend to absorb sound energy. For instance, the absorbing 
power of a seated person is about 3 sabines, that of the conventional 
airplane seat approximately 2.8 sabines while other objects in the 
cabin, such as curtains, parcels, ete, may add from 10 to 20 more 
sabines. Absorption coefficients of various soundproofing materials used 
for aircraft are given later in the text. An approximate formula for cal- 
culating the Aoi ine power of a room without occupants, carpets, 
drapes or similar furnishings i is given by Kunen’ as: 


Je O.BVR/8 (7) 


in which C is the absorbing power of the empty room in sabines and 
V the cubical content of the room in cu ft. 


3.23 Application of Secondary Soundproofing. Having learned about 
transmission and absorption of sound, it is now possible to apply this 
knowledge to the design of a soundproofing installation. To do so, it 
is merely necessary to remember the equation which establishes the 
relationship between noise reduction on one side, and transmission 
and absorption on the other. 

If C denotes the sum of all areas times their individual absorption 
coefficients or the total absorption of the cabin in sabines, and T repre- 
sents the sum of all areas times their individual transmissivity or the 
total transmittance, then the noise reduction is: 


db = 10 log 7 (8) 
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This formula can be used either to find the noise reduction obtained 
by a particular installation or, if the noise reduction is specified and 
the transmittance established, the amount of absorption which must 
be provided. 

The noise reductions which can be obtained for different values of 
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the absorption coefficient ¢ and the transmissivity, f, are shown graphi- 

sally in Fig. 116, Using an example by D. C. Greenwood* who provided 
these curves, it shall he assumed that c has been found to measure 0.1 
and ¢ to equal 0.01. Then the noise reduction is 10.4 decibels. Now, if 
it is desired to obtain a further reduction of, say, 10 cb, it is necessary 
either to decrease t by changing the structure of the cabin or increase c 
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by means of a more complex soundproofing installation. The choice 
between these two methods or a combination hinges mainly on consid- 
erations of weight although inability to change the cabin structure 
may leave no other alternative than to sacrifice weight in order to 
obtain the required reduction. 

There are a few factors which make these calculations somewhat 
more complicated than they might now appear to be. First of all, it 
is very difficult and, often, impossible, to calculate the total noise, 
generated both inside and outside, with a reasonable degree of ac- 
curacy. This applies equally to the total transmittance of the cabin. 
Furthermore, it is not easy to foretell what frequencies will predomi- 
nate in particular sections of the fuselage. Finally, conditions during 
flight and on the ground are quite different. 

For this reason it is usually simpler, quicker and more accurate to 
establish all doubtful factors during a test flight in the plane before it 
is soundproofed. Such a flight shows immediately the main sources of 
noise, as well as the levels and frequencies of such noise. From the 
data thus obtained it is possible to calculate and design both primary 
and secondary soundproofing. This procedure is the most economical 
since it is based not on assumptions but on true values, and thus helps 
to prevent costly errors. 

It is very probable that, in the course of time, there will be a suffi- 
cient collection of empirical values and experiences to anticipate ac- 
curately the soundproofing requirements of an airplane while it is 
still in the design stage. At the present time, very few of such data 
are known and those not general enough to apply to more than a few 
specific and related cases. An example of such a calculation is carried 
out in the next chapter. 
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XIX 
SOUNDPROOFING OF AIRCRAFT 


L.0 Inrropucrion 


As a rule, the noise produced by a vehicle in motion is the higher, 
the greater its speed. For instance, an ordinary sailboat cruising lei- 
surely at 4 mph makes a total “noise” of about 45 db while a twin- 
engine bomber, travelling at 250 mph, produces approximately 100 
million times that much. : = 

As the airplane moves at a speed very much higher than that of any 
vehicle on the ground, with the principal sources of noise closer to 
the occupied spaces than in any other conveyance and greater restric- 
tions as to weight than exist anywhere else, it presents unique problems 
of soundproofing which are quite different from the problems known 
heretofore. . 

If it is desired to reduce the noise in the average airplane cabin to a 
level of reasonable comfort, it is necessary to bring about a reduction 
of from 80 to 40 decibels. As was shown in the previous pages, so 
large a reduction is extremely difficult to achieve. With only small 
areas available for treatment and the weight allotments very low, the 
absorbing power of an airplane cabin is as limited as is-the capacity of 
a sponge to soak up water. Therefore, only a perfect combination of all 
phases of both primary and secondary soundproofing can result in 
an installation which meets all of the many requirements, 


2.0 Primary SOUNDPROOFING 


Primary soundproofing has as its purpose the attack on noise at 
its source or sources. In order to reduce the total noise level thereby, it 
is necessary to reduce the noise level of every contributor to the great- 
est possible degree without affecting the performance, operation and 
other characteristics of the airplane. The first step in this direction is 
an analysis of the noise existing on an aircraft by studying its sources. 


2.1 SOURCES OF NOISE ON AIRPLANES. The noise in an airplane cabin, as 
perceived by its occupants, is a composite of noises of different intensi- 
ties and frequencies which are contributed by a variety of sources. 
Although investigators differ as to the order of magnitude in which 
the noises produced by these sources should be listed as well as to 
their relative levels, it is generally agreed that the noise caused by the 
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propellers is the main contributor. According to data provided by 
Zand,! the exhaust noise and the noise created by the ventilating 
system come next. Airborne noises, engine clatter and aerodynamic 
noises, in this order, conclude the list. This results in the following 
tabulation which is quite representative although it may change some- 
what from one installation to the other: 


PUOpeler: seq ciS ce lSs aupe onda t ay eens 122 db 
Eshiatist: ue. accsgtey $4 ba Se natn daa .... 118 db 
Ventilating Noise ...........0- 20-000 114 db 
Airborne Noises .......... 002000000 eee 108 db 
Engine Noise .........0.0. 0-20 e eee eee 104. db 
Aerodynamic Noises .........5..00+005- 94 db 
Total’ Noise: 60. ches ss paca Ph eae esi 124.3 db 


The decibels contributed by each source, as shown above, represent 
average noise levels for inefficient design. By logarithmic addition, the 
resulting total noise is found to be 124.3 db which is so far above the 
level of comfort, that secondary soundproofing alone could not possibly 
reduce it enough. For this reason, primary soundproofing must con- 
tribute a reduction of at least 20 db which is quite possible as will be 
shown in the following. 


2.2 PROPELLER NOISE consists of two components, namely the rotation 
noise and the vortex noise. The former is produced by the rotation of 
the propeller and has a frequency equal to the number of rotations 
per second, times the number of blades. The vortex noise is caused by 
the circulatory and whirling airflow around the wing tips and directly 
proportional to the tip speed. According to several authorities,’ the 
noise level created by a 3-blade, metal propeller can be calculated ap- 
proximately by the following equation: 


Noise level (db) = 19 + 0.11 V (1) 


in which V is the tip speed in feet/sec. 

As the tip speed approaches that of sound, the noise becomes un- 
bearably loud and painful to the ears. Apart from the fact that such 
extreme noise facilitates detection of military airplanes by the enemy's 
sound detectors, it is an indication of drastic reduction in propeller 
efficiency due to compressibility effects.? Thus, there is a triple reason 
for reducing the tip speed. 


The noise of a propeller has unusual directional characteristics. The, 


zone of very loud noise extends roughly from 3 feet forward to 5 feet 
aft of the propeller plane or disk, and is the loudest in the plane itself. 
if the clearance between the propeller tip and the fuselage is too small, 
violent panel vibration might result which causes not only a consider- 
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able increase in noise but also crystallization of the metal, Zand de- 
scribes one case in which the clearance between the propeller tip 
and the fuselage was only 2 inches, As a consequence, the panel 
under the propeller vibrated with an amplitude of over ¥ inch, er sating 
an exceedingly loud noise. This condition was relieved by inserting a 
floating panel and taking the stresses up by two diagonal wires. Now 
the panel vibrated noiselessly, and the noise level was reduced by 10 
db which would have been extremely difficult to accomplish any 
other way. 

On the basis of these experiences, the following rules can be estab- 
lished for reduction of noise caused, directly or indirectly, by the 
propeller: : 

1. Keep the tip speed down to a minimum and let it never exceed 
800 ft/sec at cruising speed; 

2. Keep the clearance between propeller tip and fuselage to at least 
12 in. and, if at all possible, more; 

3. Do not place any part of the cabin in the plane of the propeller; 

4, Avoid placing other than baggage and similar utility compart- 
ments in the maximum noise zone, that is, within 5 ft aft or 3 ft for- 
ward of the propeller plane; 

5. Provide rigid sections with deadened panels within the noise zone. 
Do not use curvatures of more than 50 in. radius, If this cannot be 
avoided, stiffen area by stringers to minimize vibration; 

6. Avoid placing windows or hatches in the noise zone; they do 
not permit application of secondary soundproofing. 

Adherence to these simple rules may result in a noise reduction of 
from 18 to 22 db. A number of years ago, A. H. Davis® gave the follow- 
ing values and methods for reducing propeller noise: 


10 db per 100 ft/sec reduction in tip speed; 

1 db per degree in pitch setting; - 
10 db for change to conventional thin section; 
5 db per foot diameter increase of propeller; 
10 db for change to four blades. 


The last two changes are understood to apply for given power, speed 
and other operating characteristics. : 


2.3 EXHAUST NoIsE. The intensity of the noise caused by the exhaust is 
exceeded only by that of the propeller. In many cases, the former js 
even larger than the latter. Reduction of the exhaust noise is, therefore 
of prime importance. 

There does not appear to be agreement on the usefulness of mufflers 
in the exhaust. The Piper Aircraft Corporation was the first to adapt 
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a muffler to a light airplane and uses it now as standard equipment. 
Whether mufflers are to be recommended for engines of large power 
output, is questionable. From available data it seems that the gain in 
overall noise reduction is not commensurate with the increase of back- 
pressure in the exhaust nor the added weight. a 

~ One of the most effective means for decreasing exhaust noise is to 
place the point of exhaust as far away from the soundproofed portion 
of the ship as possible since sound intensity decreases approximately 
as the inverse square of the distance. Hence, exhaust pipes should be 
located on the outboard side of the nacelles, below the wing in a low- 
wing plane and above the wing in a high-wing plane. Care must be 
taken.to avoid the possibility of exhaust gases striking any part of the 
fuselage as this will result in vibration of the affected panels. 

Exhaust noise is very loud on engines with short exhaust stacks, 
Therefore, noise can be decreased considerably by properly designed 
collector rings and exhausts which not only permit the exhaust gases to 
cool to some extent before being ejected but also carry them further 
away from the fuselage, with nacelles or wings acting, as’ ballles.” 

A typical construction is illustrated by the Solar Aircraft manifold 
assembly, shown in Fig. 117. The dished outlet fits into a socket and 
ball” joint which, among other advantages, impedes transmission of 
engine vibrations through the exhaust system. Figure 118 shows the 
components of an exhaust assembly, also manufactured by Solar Air- 
craft Company, which emphasizes the complexity required for good 
performance in all respects. Incidentally, the three holes seen in the 
section on top serve for the insertion of steam or glycol boilers which 
have been described in the chapter on heating systems. 

Efficient design of the exhaust system may result in a noise 
reduction of from 14 to 18 db. 


2.4 VENTILATING NOISE. In order to supply the air necessary for ventila- 
tion, an opening must be provided in a positive-pressure area of the 
& : 


Fig, 117 Fig. 118 
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airplane through which the required air quantities are scooped or taken 
in, As was shown before, every opening leading into the cabin will 
admit noise from the outside and thus contribute to raising the noise 
level within the cabin. 

On the other hand, it was also shown that reduction in the size of 
an opening will not appreciably attenuate the noise admitted through 
it. Furthermore, a decrease in the ventilating opening would result 
not only in greater back pressures but also higher air speeds with 
accompanying increase in noise. For this reason, the intake opening 
should be left as large as indicated by the calculations discussed in 
previous chapters. 

As long as there must be a sizeable opening to the cabin, the noise 
should be effectively reduced before it reaches the interior, This can 
be done in a number of ways. 

The first rule is to place the air intake into an area of least noise, 
and to design the scoop to avoid “screaming” and “whistling.” The 
second rule calls for the use of an acoustical capacity which tends to 
attentuate the noise. Such a capacity is a well-designed ducting system. 
The ducts should be lined with kapok protected by aluminum gauze 
or mesh. They must be held rigidly and provided with elastic connec- 
tions to prevent the transmission of vibrations from one section to the 
next. If blowers are used, transmission of the blower noise through the 


. duct system should be avoided. If need. be, an acoustical filter should 


be employed. 

Finally, the air velocity in cabin inlets and outlets should not exceed 
1200 fpm. In nonsoundproofed portions of the fuselage this speed may 
be increased to about 3000 fpm. Observance of maximum permissible 
air speeds is particularly important since high air speeds result in a 
very large noise increase. Considerations of weight and space may 
make it desirable to decrease the size of the ducts which, in turn, would 
increase the velocity. In such cases it is necessary to arrive at a 
compromise by deciding between the relative importance of noise re- 
duction on one hand and weight and space on the other hand. 

The noise reduction which can be achieved by efficient design of 
the ventilating system is greater than that for any other source of noise 
and may amount to as much as from 88 to 4% db, thus reducing venti- 
lating noises from the third largest to the smallest contributor, This 
proves that the requirements of soundproofing must be considered dur- 
ing every phase of designing the ventilating system, including the 
heating plant. 


2.5 AIRBORNE Noises are defined as such noises as originate within the 
abin during flight. They may be caused either by inefficient design 
of the fuselage or by accessory equipment. 
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Because the structure of the airplane is exposed to constantly chang- 
ing loads, forces and stresses during flight, it tends to vibrate readily. 
Therefore, any structural part within the cabin is apt to become a 
source of noise. For this reason, the fuselage should be so designed as 
to eliminate stressed members or webs within the cabin. Large, flat 
panels should be broken up into individual panels or provided with 
suitable stiffeners. In doing so, symmetrical surfaces such as parallel 
stiffeners should be avoided. 

Bulkheads are a major problem because they contain not only large 
unsupported panels but also numerous holes for cables, conduits and 
duets through which noise is readily transmitted. Suitable stiffening of 
the panels should preferably be augmented by secondary soundproof- 
ing such as application of damping materials. The number of holes 
through bulkheads must be kept to a minimum and their size as small 
as possible. To reduce the open area and prevent beating of the objects 
which, pass through a hole against the bulkhead, rubber bushings for 
moving parts and felt lining for ducts and conduits are highly advisable. 

Rigid and stressed floors are light and simple as far as structural de- 
sign is concerned but from the standpoint of soundproofing they are 
highly objectionable; they vibrate easily and act as a sounding board. 
For this reason, the stresses should be taken through horizontal string- 
ers and the floor composed of small panels connected to each other and 
to the supporting stringers by flexible and elastic means. 

Another contributor to airborne noises is the window area. A window 
held rigidly by a metal frame will act like a loudspeaker diaphragm. 
Being set into vibration by outside noise or transmitted vibration, 
it becomes a source of strong noise close to the ear of the passenger. 
Therefore, it is essential to provide an elastic mounting for the window, 
by setting it into a channel of extruded rubber, which serves the dual 
purpose of absorbing vibration and making the assembly air- and 
watertight, 

The greatest efficiency, however, can be obtained by providing two 
panes separated by an airspace. The frequent objection that this 
scheme increases the weight unreasonably is only partly justified. Since 
the window area is responsible for a good percentage of the noise 
transmitted into the cabin, appreciably more weight must be provided 
for the absorption of this noise than is necessary, if the amount of 
transmitted noise is reduced by a double-pane construction. In addition 
to its soundproofing value, such a method acts as a very good heat in- 
sulator. 

Double-pane windshields are being used to some extent on commer- 
cial airplanes. Recent investigations have also shown that a combina- 
tion of plastic and glass panes will protect pilots against injury in case 
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of collisions with birds.‘ Aircraft windows and windshields are still 
in the experimental stage but it can be expected that the double-pane 
construction will become standard on post-war transports. 7 

In addition to these considerations, airborne noises can be further 
reduced by proper design and attachment of accessory equipment 
within the cabin. It is surprising how much noise one badly rattling 
bracket can create in an otherwise well-soundproofed cabin. Rattling 
and buzzing noises may be caused by racks, cabin trim, doors, galley 
utensils and similar equipment. These noises must be traced, one by 
one, and eliminated by better and, if necessary, shockproof suspension. 
Noisy equipment, such as generators or auxiliary engines, should be 
placed outside of the cabin or properly shielded and soundprooted. 

Noise reduction by the methods described above may reach from 29 
to 34 db, showing again the need for closest attention to even seemingly 
unimportant details. - 


2.6 ENGINE NOISE is twofold: direct and indirect. The direct noise 
consists of the clatter of valves and tappets, and the noise contributed 
by gears, carburetor, supercharger and other accessories. The sum of 
these direct noises is not very high. As a rule, it can be neglected 
particulary, if the engine is located in a nacelle, at some distance Goa 
the cabin. In such a case, however, the engine noise might be trans- 
mitted into the flight deck through the leading edge of the wing which 
acts as a speaking tube. This can be avoided by properly baffling or 
closing it with soundproofing materials between inboard engines and 
fuselage. ; 

The indirect noise of the engine is-a more serious problem. As the 
engine transmits vibrations to the cabin structure, it causes drumming 
and rattling which is an important contributor to the overall noise level. 
This is greatly reduced by shockproof or elastic mounting which is 
employed in practically all modern airplanes. The noise reduction thus 
obtained may be as little as 5 and as much as 15 db, depending on the 
efficiency of the installation. : : 


2.7 AERODYNAMIC NOISE is caused by motion of the rapid air stream over 
the airplane structure. This noise can be decreased only by proper 
aerodynamic design which is essential anyway in order to minimize 
drag. If sharp corners, protuberances, and such drag-inducing parts as 
struts and wires are avoided, as is the case in most modern airplanes 
the aerodynamic noise is automatically reduced by from 10 to 15 db. 
2.8 SUMMARY OF PRIMARY SOUNDPROOFING. If the principles of primary 
soundproofing are applied to the fullest extent, the order and magni- 
tude of the various airplane noises, as shown in section 2.1, will change 
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considerably. On the basis of the data for noise reductions which 


were said to be obtainable by efficient design, the previous list of 
noise sources and approximate levels can be revised as follows: 


Propeller vir cci ony wre cde ities ts 100 to 104 db 
Txhaust! osccedeng dat coeaeae de talleiale 100 to 104 db 
Engine NOC ace tnd coer h eee eh ce es 89 to 99 db 
Aerodynamic Noise .............-+5-5 79 to 84 db 
Airborne Noise ........ 0.000.000.0000 74 to 79 db 
Ventilating Noise ..............000005 72 to 76 db 
Total Noise +25. fxn Ihr wisn chess 104 to 108 db 


Consequently, primary soundproofing can result in a reduction of 
about 16 to 20 db. This figure is very gratifying but a noise level of 
104 or even 108 db is still very much above the level of comfort. A 
further reduction of 20 or, better still, 25 db is necessary. This must be 
achieved by secondary soundproofing. 


3.0 SecoNDARY SOUNDPROOFING 


The task of the soundproofing engineer during the primary stage of 
soundproofing is principally that of a consultant: He does not design 
propellers, exhausts or fuselages but rather advises the various design 
groups of certain features which will contribute to the reduction of 
noise. It is the responsibility of the individual designers to incorporate 
these suggestions as far as possible although other considerations might 
prevent strict observance of the laws of soundproofing. Possible in- 
crease in weight, such as by addition of stiffeners, shock mounts and the 
like, are charged to their groups. 

In secondary soundproofing, the engineer-in-charge is entirely on 
his own. He is given specifications for noise levels in various portions 
of the ship and must obtain these levels within given limits of weight, 
starting from noise levels which he inherited. Further limitations are 
imposed by the requirement that his installation shall not interfere 
with the characteristics, operation and handling of the airplane and its 
flight or military accessories, nor impede the movements of passengers 
and crew, In view of these multiple difficulties it is helpful to adopt a 
definite procedure which starts with the writing of specifications and 
ends with the last test flight. 


3.1 SOUNDPROOFING SPECIFICATIONS. Just as individuals react differently 
to the sensation of noise, the ideas of what constitute acceptable noise 
levels under various conditions may be far apart. Consequently, the 
specifications for desirable levels in a passenger cabin, flight deck, crew 
quarters and other portions of the ship change with practically every 
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government agency, airline and aircraft manufacturer. A contributing 
factor in this respect is the rather limited knowledge of the problems 
connected with soundproofing and the eternal human ambition to get 
much for little or, in this case, very much noise reduction for very 
little weight. 

Simultaneous specification of both maximum permissible noise 
levels and weights is often impossible because it is usually not known 
how much of a reduction is necessary to achieve the specified level. 
Consequently, one of the two factors should be only approximated. 
As a rule, specifications should apply only to the noise level in com- 
mercial planes, and only to weight in military planes. 

If it is desired to obtain certain noise levels, at optimum but not 
specified weight, what should be considered to be “reasonable” specifi- 
cations? In view of the difference in opinion in this respect, it is difficult 
to establish rigid rules. However, the following ranges appear to be 
desirable for various portions of a plane at normal cruising speed: 


Passenger Cabin ..........0....0...0..000, 75- 80 db 
Control Rooms .......00 00.00 c cee eee eee 80- 85 db 
Flight Deck .....0.000000 0000 ccc eee a ee 85- 90 db 
Military Cabin ...0..0.000000.000000.000... 85- 95 db 
Lavatory on Airliner ............0.00.00005 90- 95 db 
Crew Quarters ........ fencd RR ite, peeved diet + de 90- 95 db 
Unoccupied Portions of F uselage ........, . 95-100 db 


(The reason for a small amount of soundproofing in non-oceupied 
portions of the fuselage, particularly by means of vibration damping, 
is to facilitate and lighten the installation in adjacent, occupied spaces.) 

The average noise level on commercial planes, as taken from the 
above list, should range from 85 to 90 db while, on the military plane, 
a range of from 90 to 95 db would be acceptable. On the basis that, 
after primary soundproofing, there still exists a noise level of 104 to 
108 db, and even higher on military planes, the previously mentioned 
figure of 20 to 25 db average reduction required by secondary sound- 
proofing still holds true. 


3.2 SOUNDPROOFING PROCEDURE. After the soundproofing engineer has 
studied the specifications, he must decide on what course of action to 
take. He might find it preferable to adhere strictly to the weight limit 
and let the noise levels take care of themselves. A sample calculation of 
this kind will be made later. 

In other cases, it is mandatory to obey the requirements for noise 
levels, and increases in weight either must be taken into account or 
compensated for by reducing the allotments to other groups. The ques- 
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tion now arises as to how much noise reduction is necessary for the 
various portions of the airplane. In order to find the answer, it must be 
ascertained first what the original noise levels in these portions are and 
what frequencies predominate. 

Even if the suggestions of the soundproofing engineer have been 
followed by the other design groups and a fairly good job of primary 
soundproofing has been done, the resulting noise levels within the 
cabin can still be merely assurned but not accurately calculated. In 
addition, there may be innumerable sources of noise which cannot be 
anticipated during the design stage. Thus there is only one way of find- 
ing the desired information and that is by a test fight in the completed 
plane without any secondary soundproofing. 

During this flight the noise levels and their predominant frequencies 
are measured in various parts of the cabin by means of a reliable sound- 
level meter. Sources of noise such as rattles and drumming are investi- 
gated and other conditions noted which can be remedied by primary 
soundproofing. 

Thereupon, recommendations are made and, after the changes have 
been incorporated, a second test fight is undertaken to investigate 
how much the noise levels have been reduced. The data obtained 
during this flight are usually conclusive enough to proceed with the 
calculations. 

The designer has now a list of both the existing and desired noise 
levels at all stations requiring treatment, including the distribution of 
frequencies, and can thus establish the required noise reductions in 
terms of decibels. 

As will be remembered, the basic relationship between noise reduc- 
tion and the absorbing power necessary to obtain such a reduction 


is given by the equation: 
Bs 


Cc 
Noise reduction (db) = 10 log a (2) 


in which C is the total absorbing power of the cabin or the sum of all 
areas times their absorption coefficient, and T the transmittance, or the 
sum of all areas times their transmissivity. 

This formula shows clearly that the magnitude of the achieved noise 
reduction depends as much on increase of absorbing power as reduc- 
tion of transmission. As a scheme which is very efficient for the latter is 
not, of necessity, equally suitable for absorption, it is necessary to find 
a compromise which yields the desired noise reduction at the minimum 
weight and with the least complications. Although it is obvious that 
neither of the two factors can be neglected, opinions vary as to which 
is the more important one. For his part, the author prefers to place the 
main emphasis on absorption. 
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If it is assumed that the transmittance cannot be changed, and its 
ve at OC yags f } ‘a sayy E ae : 
value has been found or estimated to be about 1.0, then the above 
formula becomes: 


Required Noise Reduction (db) = 10 log C 


Since the noise reduction is given, C can now be calculated. For 
instance, the existing noise in a particular compartment is 103 db but 
is specifified not to exceed 80 db. This requires a reduction of 23 db. 
Then: 

10 log C 


= 200 sabines 


and: 


The average absorption coefficient equals the number of sabines di- 
vided by the total area, because, by definition: 

C= area in square feet X absorption coefficient 

Assuming that the areas of the walls, floor and ceiling of the compart- 
ment amount to 400 square fect, then the average coefficient must 
be not lower than 0.5 in order to obtain an absorbing power of 200 
sabines or a noise reduction of 23 db. This calculation, incidentally, does 
not consider the absorbing power of occu pants, chairs and other absorb- 
ing media. If it were desired to reduce the noise level another 3 dh, it 
would be necessary to double the number of sabines which is explained 
by the logarithmic relationship between decibels and sabines. 

If the transmittance of the room can be ascertained, it is possible to 
calculate the noise reduction quite accurately although such accuracy 
is usually of little value since too many factors are variable or based 
on assumptions. A very good example of such a calculation has been 
presented by D. C. Greenwood in an excellent article on aircraft noise 
which appeared in the magazine “Flight.” Because it illustrates the 
calculation of both transmittance and absorption for a specific se 
it is repeated below: “? 


Areas and Coefficient of Absorption of Cabin: 


Cat predominant Absorption = 


Component Surface 1 Area (sq ft) 
=e frequency CX area 
: ° { z : 0.80 
Front Bulkhead | 42 | 0.85 
Side Walls 330 | 0-78 
Rear Walls 68 | 0.85 


Rug : 30 0.28 
12 passengers at 3 sabines cach | = ve 
12 chairs at 2.8 sabines each 
Parcels, curtains 


otal absorption = C = sabines 
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Areas and Transmissivities of Cabin: 


t i 
i | os | Transmittance = 
| Area (sq ft) 1 TXarea 
Cabin, ine. floor | 800 | 9.000675 0.5400 
12 windows at 2.23 sq ft 27.5 0.0087 0.2405 
Doors (well fitting | 0.002 | 0.0480 
Total transmittanee = T = 0.8285 
a? ; x C 535.7 a. 
Noise Reduction (db) = 10 log —- = 10 log ——-- = 26.¢ 
<T 0.828 


If this reduction should not be sufficient, it is necessary either to 
decrease the transmittance, which is usually not desirable, or to in- 
crease the absorption. Since the area is constant, the average absorp- 
tion coefficient must be increased by heavier soundproofing which, in 
turn, increases the weight. 

If, however, the jeduptiod should prove to be greater than neces- 
sary, some of the soundproofing should be removed, thereby reducing 
its weight. 

Once the necessary absorption coefficients are known, the proper 
materials and methods, as described shortly, are selected to achieve 
the calculated number of sabines. During all of these calculations it 
should not be overlooked that vibration damping is an integral part 
of the soundproofing scheme and must be included in calculating 
absorption and weights. 

The final task of the soundproofing engineer is to specify the selected 
materials and methods and to issue instructions for their correct appli- 
cation. After the installation is completed, the thus soundproofed air- 
plane should be testflown again and measurements made to ascertain 
whether the achieved noise levels are in accordance with the specifica- 
tions. In most cases, only minor rearrangements are necessary and, 
after the second test flight, the soundproofing installation should be 
ready for inspection. 

It is advisable to record all data obtained throughout the entire 
procedure and to file them for handy reference. They will assist not 
only in quickly explaining and correcting unexpected noises in the one 
or the other produe tion model of the soundproofed prototype, but also 
in adding to the still small store of knowledge for future installations. 


3.3 SOUNDPROOFING MATERIALS. The peculiar conditions existing on an 
airplane make it extremely difficult to find suitable materials for sound- 
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proofing which meet all of the many essential requirements. It is only 


* recently that such materials have become available. Intensive research 


continues to improve their properties further. Even at the present 
stage, these materials make it possible to obtain an efficient installation 
at acceptable weights, so long as they are intelligently selected and 
applied. 
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3.81 Requirements. To be suitable for use on aircraft, a soundproofing 
material must comply with numerous conditions. First, it is not suffi- 
cient that its absorption coefficient is very high at one frequency and 
low at another which may be the more important one. As can be seen 
from Fi ‘ig. 119, which represents a frequency analysis of noises on 
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aircraft, most of the noise is contributed by frequencies ranging from 
50 to 850 eycles/sec. With increasing frequency, the percentage de- 
creases rapidly. The various humps shown in the curve are explained 
by the existence of harmonies or resonant frequencies. On the other 
hand, most sound-absorbing materials are more efficient at the higher 
frequencies. Unless materials can be found which have reasonably 
good absorption at low frequency, more weight must be expended to 
obtain the necessary absorption. 

Next, the soundproofing material must be extremely light and have 
a particularly high soundproofing value per unit weight, This require- 
ment is difficult to meet. The material must also be a very good heat 
insulator, so that it serves a dual purpose. 

The third requirement demands that the material is highly water- 
repellent. Otherwise, it would quickly soak up enough moisture to 
destroy its sound- and heatproofing qualities and multiply its weight 
several times. It is further mandatory that the material can be flame- 
proofed easily without losing its insulating properties. Because ma- 
terials of this kind are quite fluffy, a spark might suffice to set the entire 
plane on fire, unless the material is flameproofed., 

Soundproofing materials must be protected against vermin and 
rodents. In addition, they must withstand deterioration, require little 
or no servicing, be readily applied and, finally, easily shipped without 
damage. 


3.32 Kapok. Fortunately, nature has provided a material which fully 


meets all of the above require- 
Sin ROR TER 
von ae TERE A 
nates A go BO 


ments: kapok. A very complete 
na eee discussion of the culture and uses 

oN . of kapok has been made by S. J. 
Zand in his interesting book 


: se “Kapok.” 
a —— idles ™ : A microphotograph of Kapok 
Fig. 120 Felt (Fig. 120) reveals some of 


its many characteristics. Its 
sound absorption properties at low frequencies are higher than those 
of any other material known, 

Kapok is very light and may weigh as little as 1 Ib/cu ft. Figure 121 
shows a square foot of “K” Felt, 8” thick, on a scale. Covered by a 
waxy substance, called Cutine, which is non-hygroscopic it is also 
naturally water-repellent. These properties make kapok an excellent 
material for use in life preservers, life rafts, sleeping bags and even 
clothing. If used in life preservers, kapok will retain its buoyancy, 
which is many times its own weight, for a long time before it becomes 
too heavy to float under load. 
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Kapok can be flame-proofed easily without affecting its insulating 
properties. The methods used are trade secrets but normally employ 
synthetic, borophosphate resins which are liquid, odorless and non- 
toxic, and provide a glass-like coating. The American Felt Company 
states that their flame-proofing agent is non-dusting, difficult to wash 
out and also acts as moth-proofing. Kapok is highly vermin-proof and 
resistant to deterioration. In regard to handling it is easy to apply and 
to ship. , 


The suitability of kapok as soundproofing material has long been 
recognized, but, up to a short while ago, it has been quite a problem to 
manufacture kapok batts and felts commercially. By now, a number of 
companies produce soundproofing materials made from kapok which 
will be briefly described in the following. 


3.33 Dry-zero is the first kapok insulator and was put on the market in 
1921 by the Dry-Zero Corporation. It is a kapok blanket made by an 
ingenious process of shooting the kapok fibre from a nozzle by pressure 
against a rotating wheel.’ The sheet is then enclosed in burlap, cheese- 
cloth or similar materials. Its coefficient of absorption is very high, 
particularly in considering its low weight of 24 to 3 pounds per cubic 
foot. Dry-Zero has been used extensively for thermal and acoustical 
insulations. The curves shown in Fig. 122 give the sound absorption 
coefficients for some of the Dry-Zero products at different frequencies. 
The coeflicient for high-grade Hairfelt has been included for compari- 
son. The letters identifying the curves denote the following products, 
listed with their weights and maximum moisture absorption: — 
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Curve 


SOUND ABSORPTION COEFFICIENT 


Maximum Moisture 


; 
{ 


| Weight 
| 
{ 


3.34 “K” Felt, a product of the American Felt Company, is a felted 
combination of 40% kapok, 30% cotton and 80% wool. It is manufactured 
in rolls about 24 yards long and 72 inches wide. Its thickness ranges 
from 8” to 8”, in WV’ steps. It can be cut to size or templates easily and 


| | 

Material see Absorbed from 

| Th/cu ft | Atmosphere, % 

| Sewwernrs peers vveetetteenpeamant ns onaenanencsnntenanenresestnintttantrrerteteitteareretetttnt 

| Hairfelt | 8.07 | 18 

\ Dry-Zero in pliofilm, not flame-proofed, 2.1 | 2 
Dry-Zero in burlap, flameproofed \ 3.0 | . 
Dry-Zero in muslin, flameproofed | 3.0 | 5 

| Prime Java Kapok, not flameproofed | 3.2 | 4 

| Dry-Zero in burlap, flameproofed i 2.6 7 
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suspended like a curtain to provide floating layers. Binding of edges is 


not necessary as it is a true felt. 
It has an average specific gravity of from 0.081 to 0,090 so th 
for instance, a square foot of the 2” material weighs about 0.1 


pounds, ‘This weight is a little more than some other kapok produe 
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at, 
i 
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however, both its heat and sound insulating values are excellent and, in 
some respects, unexcelled. 

The heat conductance of “K” Felt has been discussed in a previous 
chapter (see Fig. 47). Its weight increase with increasing relative hu- 
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midity is shown in Fig, 123. The sound absorption coefficients of “K” 
Felt for different thicknesses and various frequencies are illustrated in 
Fig. 124. The curves are for the following thicknesses:° . 
Oe den ess ik oils are ern pig 3/16” 
(CUVEE Bo oats eda ei ee eaten s dae T/A”. 


CTV GS it Rha he CADE LE el See 5/16” 
Curve 102. ate ete San Site bs ee 3/8? 
Gurve Be cad dari ae Gh Geena wae 1/2” 


3.35 Tropal is an interesting soundproofing material, which is used in 
England. It consists of pure, prime Java kapok, comes in blanket form 
from 3/16” to 2” thick and weighs only 1.5 to 2.5 pounds per cubic 
foot. 

The kapok is sewn together with almost invisible stitches by means 
of a special machine, so that the result is a very fine and elastic blanket, 
especially suited for floating layers and vibration damping.* 


3.36 Seaman Paper Company Products. In 1932 George Seaman de- 
vised a process of commercially producing a material which contained 


Pig, 125 


between 70 and 85% prime Java kapok and was introduced under the 
name of SEAPAK. This material is the ori ginal product which the Sea- 
man Paper Company manufactured for aircraft insulation and has, 
since then, been augmented by numerous variations, some of which 
are shown in Fig, 125. 

“Type A” Seapak is the basic material from which most other types 
are made. Its specific weight is 0.083. The base product has a thickness 
of #’”, and heavier sections are combined by gluing several layers to- 
gether. The sound absorption coefficients of such combinations are 
shown in Fig. 126, in which curve A refers to one layer, 4” thick, 
cemented to the wall; curve B to two layers, of 1 total thickness, 
also cemented to the wall, and curve C to two layers of the same thick- 
ness but spaced 1” from the wall. ; 
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Seapak can be strengthened by lining it with rope (Type R) or with 
rope on one side and Latex on the other (Type RX). These materials 
are used for damping where vibrations are particularly severe. 

In 1984 a process was developed by which it became possible to 
corrugate “Type A” Seapak. This product has excellent absorption 


PATEL 
0.6 HT i ~ call 


A 


| 


NE 
| Zan 


OUND ABSORPTION COEFFICIEN 


0.1 opp pt } 


LLL 


0 i2B 256 512 1024 2048 4096 
FREQUENCY (CYCLES/SECOND) 


Fig, 126 


Ss 

{ 
os 
| t 
on nee 
oem 
eee kaa 
ieee 
ia 


characteristics as shown in Fig. 127. Curve A refers to two layers of 
“Type C]” which has large corrugations (11 to the foot), curve B to a 
single layer of “Type CS” which has small corrugations (36 to the foot), 
4 of oe op corp ” ° 

and curve C to a single layer of “Type CJ. 

The corrugated Seapak is used where space limitations do not permit 
insertion of dead-air spaces but where good absorption at both high 
and low frequencies is necessary. Other uses are for vibration damping 
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on firewalls and in ducts. Protection by wire mesh is necessary in the 
latter cases. 

A further development of Seapak is KWILKO, a flully, light-weight 
and flexible batt or blanket of 100% kapok sewed between cheesecloth. 
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Fig. 197 


A cloth covering may be stitched to this combination to provide the 
cabin trim. Like all other Seapak products, it is moisture proof and 
flameproof. 

Thickness, weight and sound absorption coefficients for the two most 
commonly used types of Kwilko are shown below: 
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A more recent development is SKYFELT, a felted product with a 
content of kapok, wool and cotton. “Skyfelt Special” is particularly 
light while “Skyfelt Regular” is somewhat heavier but has more tensile 
strength, 

Thickness, weights and absorption coefficients are shown in the table 
below. (Weights given are only approximate since they vary for dif- 
ferent runs.) 


ae | Sound Absorption Coefficient 
Weight per 


Material Thickness | at various frequencies, 
sq yd eycles/sec 

a ‘2 i. | joes | 2048 

| i i 

| ana 
Skyfelt Special 1/4" | 0.70 to 0.75 Ib | 0.91 | 0.78 
Skyfelt Special | 1/2" 1.60 to 1.70 Ib | 0.97 | 0.83 
Skyfelt Regular 1/4’ 0.90 to 0.95 Ib 0.95 | 0. - 
3 | 1" | 1.75 to 1.80 Ib 0.97 | 0.83 


felt Regular 


Seaman Paper Company also manufactures aircraft rugs with high 
sound absorbing qualities. These rugs consist of a layer of Skyfelt, from 
1/4” to 5/16” thick, which is attached to a quality mohair. The basic 
size is 54” when supplied in rolls. 


3.37 Miscellaneous Materials. The increasing problems of sound- 
proofing on aireraft have induced a number of other companies to 
experiment with light-weight and efficient soundproofing materials, 
using fibers made from glass or synthetics. Little information is 
available concerning such developments at this writing. However, it 
san. be expected that products surpassing the properties of the mater- 
ials described above will be offered by all of the interested companies 
in the near future, especially in view of the fact that it has recently 
become necessary to restrict the use of Kapok for the duration. 

3.40 xrETHODS OF SECONDARY SOUNDPROOFING. The magnitude and fre- 
quency of vibrations and noise differ considerably in various parts 
of an airplane cabin. Also, desired noise levels are not the same 
throughout the fuselage. Although it would be ideal to keep the noise 
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level at 70 db or even Jess in the entire plane, such a scheme would 
be far too expensive in terms of weight to make it practical, and there 
is no need for it. 

As a result, the necessary noise reductions for individual stations may 
vary from 5 to 30 db, with predominant frequencies ranging from 50 
to several thousand cycles per second. This requires the most economi- 
cal selection not only of the most suitable materials but also of their 
proper combination and method of application. 

Although there are several schools of thought as to what methods 
are the best in specific cases, the basic principles remain the same, 
namely to dampen vibration, impede transmission and increase ab- 
sorption with the least amount of weight. 

At the present time, there are five fundamental methods employed in 
the secondary soundproofing of aircraft which may be designated as 
the damping, light, medium, heavy, and special methods. 


3.41 Damping Method. As its name implies, the damping method has 
only one purpose: to dampen out vibrations which, in turn, would 
create noise. It consists merely of treating areas given to vibration and 
drumming, such as the bulkhead webbing, with an asbestos spray 
which is light, washable and paintable. The material may be sprayed 
on thicker in the center of the panel and thinner towards the edges. 
However, it is simpler to provide an even coat with a thickness of 
approximately 0.020”. Surfaces must be thoroughly cleaned before 
being treated. 

A widely used damping paint of this type is the “B.C, Sound 
Deadener” which is manufactured by the Billings-Chapin Company. 
Its weight is about 0.07 Ib/sq ft. 

Damping can also be effected by gluing to the skin thin sheets of 
mica or similar materials. In a recent development, drumming of the 
skin is minimized by making it from one or more layers of fiberglass 
glued between two thin sheets of aluminum. This combination has 
not only excellent damping qualities but the same or even greater 
strength than an equivalent thickness of plain aluminum. 

The damping method provides, of course, no absorption and is 
efficient only in damping comparatively light vibrations, unless it is 
augmented by other materials. However, it provides a very light and 
convenient means for simple vibration problems. 


3.42 Light Method. As vibrations become more severe and a certain 
amount of absorption is desired, the Light Method must be employed 
in which such materials as “K” Felt or Seapak are glued to the metal. 
The layers are normally from 4” to %” thick, and are attached by 
cements like Vultex or Amplex. Since the weight of the cement is not 
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entirely negligible in treating large areas, it is sometimes applied in 
7 eee £ © RS a i 

strips or dots. However, it is important to keep the damping material 
and metal in close contact for best efficiency and, for this reason, it is 
advisable to eover the entire area with a thin film of the cement. It is 


Fig. 128 


applied to both of the surfaces which are to be glued together and 
permitted to dry for a few moments. Then the soundproofing material 
is carefully put in place, with only very slight pressure. Figure 128 
shows such a treatment for the ceil- 
ing of a commercial airliner. The 
material used is Seaman's “Q-3" 
which consists of three layers of Sea- 
pak, quilted between cheesecloth. 
Stringers, braces, shelving and 
other obstacles along the walls often 
make the proper attachment of 
damping materials quite difficult. 
This is illustrated in Fig. 129 which 
shows the cementing of “K” Felt to 
the fuselage of a military plane built 
by Lockheed. The worker wears a 
mask to protect him against the 
fumes of the evaporating cement. 
The damping material may be 
covered by a thin laver of eloth or fabric stitched or glued to it. In 
intermediate cases, it sometimes suffices to cement the cloth directly 


to the metal. 
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3.430 Medium Method is an elaboration of the previous one in that it 
adds another layer of soundproofing material which is separated 
from the first one by a dead-air space, This method is used in the 
middle and aft portions of commercial cabins and at least the forward 
portion of military planes. It is very efficient in damping rather severe 
vibrations and has good absorbing qualities. A cross section through 
such an installation is shown in F ig. 130. Felt or quilted Seapak is 
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glued to the skin and, wherever possible, over stringers. Leaving an 
air space of about 1 inch, there is a second layer, consisting of such 
materials as Kwilko or a felt of low density which is covered with a 
fabric. 


3.431 Purpose of Air Space. ‘Three questions arise in connection with 
this construction. First, exactly what and how does the air space con- 
tribute to the efficiency of the installation? A diligent study of the 
existing literature yields little information in this respect. It is generally 
agreed that the insertion of air spaces will result in considerable im- 
provement of a soundproofing installation because this has been proven 
by actual measurements. However, there are no conclusive data which 
would permit the establishment of simple calculations for their 
acoustical properties. This is not true for air spaces in thermal insula- 
tions for which ample theoretical and empirical information is avail- 
able. 

Since air offers very little resistance to the flow of sound, as compared 
to other materials, the actual sound absorption of a 1” air space is so 
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small that it can be neglected. Hence, the value of the space lies 
mainly in its damping properties which is the reason for its use in 
acoustical installations 

As was shown, most of the aircraft noise is in the low-frequency 
band and most of that exists in the forward part of the eabin which 
is close to the main source of this low-frequency noise, namely the 
engine with its accessories, including propeller and exhaust. In looking 
up the sound-absorption coefficients of the various soundproofing 
materials, which were listed above, it becomes apparent that they are 
quite high between 1000 and 4000 cycles/sec, then taper down with 
decreasing frequency to reach a medium value at about 500 cycles/sec. 
Further decreasing almost linearly, they reach a low at 128 cycles. 
(In acoustics, intermediate steps in the audible frequency range are 
usually selected as fractions or multiples of 256 cycles/sec which is 
very nearly the frequency of middle C on a piano.) 

If it were demanded that the noise in a cabin after soundproofing 
should not exceed the specified levels at any frequency, including 128 
eyeles/sec, it would be necessary to triple or even quadruple the 
weight of the installation. This would reduce the noise to the desired 
level in the low-frequency range but very much more than necessary 
for all other frequencies. 

Although the noise absorption of kapok is far greater at low fre- 
quencies than that of other materials, there is as yet no kapok or 
similar lightweight material available which would be more uniformly 
absorbent over a broader frequency range. 

Fortunately, a dead-air space has the property of damping out low 
frequencies. Consequently, in an arrangment as shown in Fig. 130, 
the transmission of low frequencies into the cabin will be impeded 
and noise of similar frequency inside the cabin will not be so easily 
reflected. The depth of the air space should be sufficient to make it 
an efficient low-frequency impedance although too much depth would 
take unreasonably much room. 1” is normally a good compromise. 


3.432 Selection of Trim Fabric. The second problem which the dis- 
cussion of the medium method brings up is that of the type of trim 
fabric which should be used. The normal tendency is to cover the 
soundproofing installation with a doped fabric; leatherette or similar 
material which has the advantage of better appearance, affords more 
protection to the sensitive soundproofing materials, assists the illu- 
mination by increasing light reflection and can be easier cleaned. Also, 
it is preferable from the standpoint of thermal insulation. 

On the other hand, a stiff and non-porous material reflects sound 
very well, with the result that the sound waves are being thrown 
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back and forth between the walls until they die a natural death 
caused by progressing attenuation. This phenomenon is called rever- 
beration and is often experienced in rooms which are bare and other- 
wise lack absorbing power. If a soundproofing installation is thus 
covered, its purpose is largely defeated because it does not perinit the 
sound waves to-reach the millions of little traps which are to kill the 
sound, namely the pores and pockets within the materials. Too, low- 
frequency noises are easily transmitted. . 

Considering the great intensity of the noise and the small area and 
weight available for absorption, 
every helpful detail is highly impor- 
tant. For this reason, the cabin lin- 
ing should consist of a porous, 
durable cloth. Such materials are 
available commercially, are of light 
weight and pleasing texture, and 
can be readily cleaned by brushing 
or light vacuuming. It is surprising 
to experience how much difference 
a change from a stiff to a flexible, 
porous lining will make. Fig. 13 

This concept is by no means new. 
One of the first airliners equipped with a scientific soundproofing 
installation, the Curtiss Condor, used such a trim fabric in its éabin 


(Fig. 131). 


3.433 Humidity Control. A third problem which is introduced by the 
medium method is that of humidity control, The water-repellent prop- 
erties of soundproofing materials for aircraft have been emphasized 
repeatedly. Even the best materials will soak up enough water even- 
tually to increase their weight considerably and so fill the pores as to 
affect their sound- and heatproofing qualities, According to R. L. 
Ellinger,” investigations conducted by T.W.A. showed that the weight 
of a conventional soundproofing installation in a four-engine, super- 
charged igs increased about 85% or 160 pounds in 18 months of 
operation. In a non-supercharged, two-engine airliner the increase was 
only 28% in five ea These i ee quite all aries had 
been said before. On the other hand, there are reports that sound- 
proofing installations have doubled and even tripled their original 
weight within very short periods. The explanation of these seemingly 
contradictory experiences is very simple. -_ 

Since there is usually a considerable temperature difference between 
the warm cabin and the cold outside air, the moisture created by 
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passengers and otherwise existent in the cabin will condensate on the 
cool skin. If the skin is covered with a moisture-repellent soundproofing 
material, the water droplets will collect on its surface and either trickle 
down or collect in pockets and similar places. This is particularly 
serious in cases where a dead-air space is formed by water- repellent 
materials because the moisture remains trapped. 

As the outside temperature increases or greater altitudes are reached 
where humidity and pressure are low, the moisture tends to evaporate 
again but more of it will stay within the soundproofing installation than 
will get out. The remaining water gradually dissolves the substance 
whieh makes the material w aterproot and beg gins to fill out its pores. 
Thus, the trapped water has two deleterious “eloeis: Tt increases the 
weight of the installation unreasonably and accelerates the loss of its 
water-repellent and, with it, other valuable properties. 

So, it is extremely era to vent a dead-air space to the out- 
side and permit condensate, which has formed, to drain out readily. 
One difficulty in this respect is the fact that, during flight maneuvers 
resulting in high gravitational forces, the water which might have 
trickled down into the drain will be splashed all over the air space 
again and settle on the layers, This can be prevented by making the 
air alive, that is, giving ita ‘slight motion. 

In such a scheme, the air space connects to a spill, preferably at the 
bottom of the fuselage, through which the air is drawn out and spilled 
overboard, together with much of the moisture. It is replaced by warm 

cabin air which is sucked into the air space through the porous lining, 

This has the added advantage of warming the material on the skin and 
thus decreasing condensation, besides adding to the ther mal insulation. 
Care must be: taken to prevent pockets near the outlet in which 
condensate might form and remain trapped. 

Occasionally, it is specified that the soundpr oofing installation is re- 
movable so that it can be inspected and dried. This. ssehemne should be 
discouraged because it may increase the weight by as much as 60 to 
70 pounds and result ina loss in noise redaction of from 3 to 6 decibels. 


3.44 Heavy Method. The noise in the forward portion of the cabin 
may be so loud that the medium method does not suffice to obtain the 
required noise reduction. More absorption as w ell as more protection 
against low-frequency vibrations must be provided which le ads to the 
heavy method, 

In this method a second air space is added as can be seen in Fig. 132. 
The treatment of skin and cabin lining is the same as in the medium 
method, although the thicknesses of he materials can be increased. 
Two air spaces, a 1” depth each, are formed by insertion of a freely- 


| 274 | 


floating layer which is suspended between the other two layers. It is 
from.” to #” thick, and consists of such materials as Seapak, which is 
quilted between cheesecloth, or “K” Felt. : 

A common method of attaching the floating blanket is to suspend 
it in cross-lacing. Other means of ‘siadunent consist of stretching the 
blanket over a frame. It is important that it can vibrate freely without 
transmitting such vibrations to one or both of the other layer rs so that 
the vibrations may be read lily dampened by the air spaces. 

This construction is fairly heavy and space consuming. However, it 
has excellent sound- and heat- absorbing values and is the best means 
known to deal e flectively with the severest vibrations and noises on an 
airplane. 

The remarks concerning porosity of the lining and the need for 
venting the air spaces whieh were made in discussing the medium 
sethiod apply, of course, to this method as well. 


3.45 Special Methods. In addition to the methods described above, 
there are several others which are based on similar considerations. The 
purpose of these variations is either to decrease the thickness of the 
insulation, facilitate its installation or otherwise improve it. Weight 
savings are seldom achieved because the absorption coeflicient of a 
combination usually remains the same, no matter what its particular 
construction is. 

One of these methods is the SEAMAX panel, shown in Fig 138, 
which was developed by cooperative efforts of the Seaman Paper Com- 
pany and the author. The purpose of this panel is to provide all of the 
components needed in a soundproofing installation in one piece which 
can be readily cut to any desired size. On the skin side is a layer of 
pele to which a layer of corrugated Seapak is attached by stitching 
or gluing. The horizontally- ‘running corrugations form a “small bat 
effective air space. Another air space is created by a second layer of 
corrugated Seapak, with corrugations running vertically, which is 
separated from the first one by a Skyfelt t layer, The fourth | ayer is 
Kwilko which is covered by a porus cotton fabri ic. 

Although none of the layer 's are actually floating, the separation by 
Skyfelt prevents most of the vibration from being transmitted by 
physical contact. The panel is very easy to handle ‘and cemented to 
the skin, requiring no further means for attachment. The construction 
shown in Fig, 183 has a depth of only 1%”. In a variation of this des ign, 
one of the air spaces and one layer of Skyfelt can be omitted. T fick: 
nesses of the individual layers may likewise be reduced or increased 
to conform with specific requirements. 

Tests conducted showed very satisfying and promising results both 
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as to acoustic and thermal properties, however, research is continuing, 
particularly in connection with forced ventilation for humidity control. 
~ Another interesting development is the insertion of an “impervious 
septum” into the soundproofing installation which is believed to re- 
duce greatly transmission at the higher frequencies. An impervious 
septum is a material of “high flow resistance” which is defined as the 
ratio between the air pressure difference across the material and the 
rate of air flow through it. Thin asbestos sheets are often used for 
this purpose. Opinions as to the advantages of this method are sharply 
divided and it appears that it is advisable only where reduction in the 
transinission of high-frequency noise is both necessary and feasible, 
and moisture control is not affected. 


3.46 Attachments. In discussing the use of soundproofing materials 
only little has been said regarding their attachment to the airplane and 
to cach other, Means and methods of attaching airplane fabrics cover 
an extensive field in itself because there are innumerable, individual 
problems which change for every new cabin design. 

Although there are many types of fasteners, clamps and other devices 
on the market which are either adaptable to or specially designed for 
the attachment of such materials, it is entirely up to the engineer to 
select or design the means which are best suited to his particular case. 

As a result of the variety of attachments which are required, no 
more specific rules can be given than: Always remember the purpose of 
the material which is to be attached or suspended. Obey the funda- 
mental laws of good soundproofing. 


3.5 SELECTION OF SOUNDPROOFING METHOD, either for the entire airplane 
or an individual compartment, is by no means arbitrary, excepting the 
decision as to whether there should be any soundproofing at all. 
This decision is up to the procuring agency or airplane manufacturer 
and usually based on considerations of weight. 

In cockpit-type aircraft, soundproofing is practically useless, but 
only in the commonly accepted sense. Secondary soundproofing would 
have little if any value in a fast fighter plane with open cockpit, but 
what about primary soundproofing? 

Tt has been proven beyond doubt that abnormal noise created by 
an airplane indicates an inefficiency somewhere. The engine suspension 
might be poor and transmit harmful vibrations to the structure, or the 
propeller is badly calculated, or the fuselage vibrates too much under 
unexpected stresses, or protruberances cause both avoidable drag and 
noise. For this reason, there should always be at least primary sound- 
proofing; thus, it is advisable to consult a soundproofing expert during 
design of every airplane. His advice will not only help to reduce the 
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noise level to some extent and, thereby, achieve at least some comfort 
without the expenditure of weight, but it may also point out the de- 
ficiencies mentioned above. ; 

Secondary soundproofing, on the other hand, should never be under- 
taken without combining it with primary soundproofing. Once it is 
specified and the desired noise levels given, the further choice of 
materials and methods is established within narrow limits. 

Materials are selected in accordance with the necessary sound 
absorption and predominant frequency. Methods are chosen with re- 
spect to the required reductions in noise level and severity of vibration. 

The following rules pertain to the selection of soundproofing 
methods in the most common cases: 


Drumming: 
Light Vibration: 


Strong Vibration: 
Light Absorption: 
Good Absorption and Damping: 


Very Good Absorption and Damping: 


4 


Exceptionally Good Absorption: 
Bulkheads: 


Walls: 


Ceiling: 


Floor: 


Webbing: 


Spray with sound deadener 

Sound deadener or 4” damping material 
glued to skin 

4” damping material ghied to skin 

K” to BY felt or Seapak glued to skin 

Add 1” air space and glue Kwilko to back 
of fabric 

Increase air space to 2”, divided by float- 
ing blanket of felt 

Increase thickness of individual layers 

Treat bulkheads in unoccupied spaces 
with sound deadener; cover bulkheads 
in passenger cabin with layer of felt 
and those forward by additional layer 
of Kwilko. Treat bulkhead sides facing 
away from cabin with felt, at least 4” 
thick 

Heavy method for forward part of pas- 
senger cabin, medium for aft portion. 
Walls in flightdeck and control room: 
light to medium. Crew quarters: light. 
Toilets: light. Treat walls in baggage 
compartment with sound deadener, 

Medium method, If too heavy, cover by 
K” to 8” felt or Seapak “Type Q-3” in 
passenger cabin, 4” felt in other oceu- 
pied spaces of fuselage, sound dead- 
ener in the rest. 

Noise absorbing rugs in passeuger cabin, 
sound deadening paint in rest. 

If vibration is strong and within or close 
to occupied spaces, apply sound dead- 
ener or felt, as the case may be. 


3.6 WEIGHT CONSIDERATIONS. Not even a woman can be as weight- 
conscious as the airplane engineer. This applies particularly to the 
soundproofing group because it is usually expected to achieve more 
with less weight than most other groups. 

Conversely speaking, the product of noise intensities in a cabin and 


[277] 


the weight of the soundproofing installation is a given constant for 
every particular airplane. Reduction of the noise level is accompanied 
by a corresponding increase in weight and vice versa. This fact had 
been brought out before when it was shown that the designer can hold 
hirnself to only one of the two variables, depending on which is con- 
sidered to be the more important. 

Airline operators will accept apparent loss of income due to some- 
what higher weight of comfort accessories, because they realize that 
increased comfort for passengers is more profitable in the long run. 
Therefore, the noise reduction in their transports is more important 
than the weight needed to achieve it. 


On the other hand, 10 pounds of dead load represent 30 rounds of | 


ammunition for a .50-caliber machine gun which. can easily mean the 
difference between life and death. Consequently, in allotting a certain 
weight for the soundproofing of a military airplane, the procuring 
agency has established the maximum which can be spared for this 
purpose. The task of the designer is to use this weight wisely in order 
to approach the desired noise levels as closely as possible but, under 
no circumstances, exceed the weight limit. The achieved noise levels, 
then, represent the maximum comfort which can be allowed under the 
circumstances, and the corresponding specifications merely indicate 
the relative reductions desired for various portions of the ship. This 
leads to an entirely different method of calculation: by weight distri- 
bution. 

In using this method, the first problem is to find a reasonable figure 
for the weights which should be allowed. Although there are no for- 
mulae which permit the approximate calculation of weights for given 
noise reductions, empirical values indicate that, as a rule, a fairly 
good soundproofing installation on a commercial airliner weighs from 
% to 1% of its gross weight. The figure is slightly higher for small planes 
and vice versa. For military airplanes, a percentage of from 1% to 4% 
of the gross appears to be acceptable. The method of designing a 
soundproofing installation on the basis of weight alone is best ex- 
plained by the following example: 

Assumed that a weight of 120 Ib has been allotted for the sound- 
proofing of a two-engine, long-range bomber. Although desirable 
noise levels have been specified, the weight is not to be exceeded, no 
matter what the resulting noise levels should be. The primary stage has 
been completed and many suggestions incorporated which have re- 
duced the otherwise existing noise level. Floors are satisfactory and no 
weight shall be expended for their further insulation. Mounting of 
floor boards has not been charged against the allotted 120 Ib. 

Secondary soundproofing is to be applied to the flight deck, the 
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combined navigator’s and radio operator's cabin, crew quarters and 

three other occupied zones. After studying the relation between the 

specified levels and the construction of the interior, the following tenta- 
f 


tive distribution of weights is made: ® 
Flight Deck: 24.4600... ¢s ccc cee cene des 25.00 Ib 
Navigator’s Compartment .............. 35.00 Ib 
Crew Quarters... 0... 20.00 Ib 
Other Three Stations Combined .......... 40.00 Tb 


Total 


The allotted weights are then expressed in terms of area times 
unit weight of soundproofing installation per compartment or station. 
Some experimentation is necessary to stay within the compartment 
allotments. In some cases, a little weight may be taken from one to 
make a better insulation for another one. This is continued until all 
weights have been used up without exceeding the total and even 
leaving a margin for slight additions after the installation has been 
test-flown. As an example, this calculation will be carried out for the 
navigator’s and radio operator’s compartment. 

A rather low noise level is required which was to be expected. 'This 
necessitates treatment of the ceiling; however, there are control 
cables running close to it and it is specified that the soundproofing 
installation on the ceiling be removable so that there is an easy access 
to these cables. It is decided to use hinged panels which consist of a 
frame made from spruce wood, #” by Wand glued together. The 
fabric is to be stretched over the frame and nailed to its back. 

The engine noise is quite high so that the use of an air space is 

necessary. Bulkheads must be treated quite well since, they contain 
large, thin panels. Walls and ceiling will be treated alike and in the 
following manner (medium method): 
. “Type AC Seapak, 4” thick, is glued to this skin by Vultex cement 
used only in spots for weight economy. Next follows a dead-air space 
of 1” depth and then, “Type Q-1” Seapak, %” thick, with an integral 
cover of cotton fabric. The area of the ceiling is 15 sq ft and that af the 
walls 86 sq ft, so that the combined area is 101 sq ft, 

Weights of the soundproofing material, per square foot, are as 
follows: , 


"Tope A Seapak 4424506551 io aes ieee cee 0.068 
Vultex Cement .......000..0000.0.000004.. 0.005 
AVC ” GRADa cic aac Seton sata ae et athe 0.085 
WP ADSTIOS oie dR sies Gags Bas yok Ed choo vas ths 0.062 


Weight of wall and ceiling treatment: 101 X 0.220 = 22.2 Ib. 
The panel frames (540” total length) have a cubical content of 101.3 
cu in and a unit weight of 0.016 Ib/cu in. Their total weight is: 


101.3 X 0.016 = 1.7 |b 


Both sides of the forward bulkhead are sprayed with sound deadener, 
at 0.07 Ib/sq ft, and covered with cotton cloth at 0.062 lb/sq ft, thus 
giving a unit weight of 0.132 Ib/sq ft. The bulkhead has a total area 
of 32 sq ft. Thus, the weight of the treatment is: 


82 X 0,182 = 4.3 Ib 


(In calculations of this kind, the last decimal should be rounded off to 


the next higher value.) 
The aft bulkhead is treated in the same manner. Its total area on 
both sides is 40 sq ft. Therefore, the weight of the treatment amounts 


to: 


40 X 0.182 = 5.3 Ib 

Adding these weights, the treatment for the compartment nequiites 
33.5 lb. This figure is below the allotted 35 Ib, but does not include 
weight of the attachments. For this reason, it is advisable to always ae 
a round figure of 109% to the weights thus obtained which, average 
over all figures, leaves weight for attachments, slight differences in 
weights of soundproofing materials and some margin for Seat! 
required improvements. Adding 10% to 33.5 Ib gives 36.9 Ib whic 
is a trifle high. 

The practice of “stealing” too much weight from other compartments 
should be avoided; therefore, the design is re-examined for modifica- 
tion. Finally, it appears that the cloth covering on the back of the aft 
bulkhead contributes the least to the scheme, and the calculation is 


Thee t - the allat re » taken int 
35.5 Ib. This is only 4 Ib over the allotted figure and shall be taken 0 
account in view of the fact that the treatment for this apartment is 
of particular importance. 3 

After this procedure has been completed for all compartments an 
the weights have been balanced, it is calculated how much noise a 
duction can be expected and what the approximate noise levels in the 
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various compartments will be, As an example, the insulation which 
has just been established for the navigator’s compartment will be 
examined for its soundproofing value. ; 

The absorbing power of the wall and ceiling treatments, which are 
identical, is: 

C = Ale, + 2 te, +++ +) (3) 
in which C is the absorbing power in sabines, A the combined area 
of walls and ceiling, and c¢,, ¢,, etc. the absorption coefficients of the 
individual layers. Since the absorption of the skin, air space and cloth 
cover is very small, it can be neglected, leaving a layer of #” “Type A” 
Seapak and a layer of &” “Type Q-1” Seapak. In looking up the absorp- 
tion coefficients of these materials, it is found that they are identical but 
range anywhere from 0.08 at 128 cycles/sec to 0.95 at 1024 cycles/sec. 

It is certain that most of the noise in this compartment will be of 
low frequency. However, the damping effect of the air space permits 
the choice of the coefficient at 256 cycles/sec so that c, and ¢, can be 
conservatively assumed as 0.26 each. Thus: 

C =A (0.26 ++ 0.26) and, since A was 101 sq ft 
C = 52.5 sabines 

The absorption contributed by the treatment of the bulkheads 
and floors is very small. Their absorption plus that achieved by two 
occupants, chairs and other sound absorbing objects shall be included 
ina round figure of 10 sabines, resulting in a total absorbing power for 
this room of 62.5 sabines. 

The transmittance into the compartment can be expected to be 
such that a value of T = 1.0 is justified. Then: 
ats) 

The noise level in this area, without secondary soundproofing, would 
probably amount to about 105 db. A reduction of 18 db decreases this 
level to 87 db which complies well with the previously suggested 
range of 85-90 db for flight decks. The reduction is even greater at 
medium and high frequencies so that the soundproofing scheme, as 
proposed, appears to be satisfactory. 


3.7 MAINTENANCE. The task of soundproofing is not completed with the 
acceptance flight. In order to retain its properties, soundproofing must 
be regularly serviced just like any other piece of equipment. Main- 
tenance of such installations is very simple and requires little time 
but, if it is neglected, the low noise levels and weights which have 
been achieved with so much effort will begin to rise. Following are a 
few rules for regular servicing which should be observed under all 
circumstances: 
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“xamine for trapped moisture and make sure that venting is 
unimpeded. Re-attach corners and edges which have become loose 
since every square inch of unprotected surface seriously affects the 
entire soundproofing scheme. In addition, the whole panel might drop 
off during the next flight. Repair tears and holes by stitching or by 
taping with light, airplane tape. Avoid bouncing or knocking against 
fabrics as there may be air spaces behind them. Clean the side facing 
the cabin by brushing or vacuuming; clogged-up pores decrease the 
sound-absorbing qualities of the material. Examine the cabin for loose 
connections, brackets, floor boards and other parts which might cause 
rattling, drumming or vibration during flight. 


4.0 TEATPROOFING 


A good soundproofing installation is usually also a good heat 
insulator while the opposite is not always true, For this reason, the 
insulation on an airplane is calculated only from the standpoint of 
soundproofing, and its added use as heat insulation considered a 
welcome gift, 

The heat conductance of most aircraft soundproofing materials is 
very favorable, and the air spaces used in the better protected areas 
are as valuable for heat insulation as they are for soundproofing. For 
the sake of weight economy it would be unwise to add further insula- 
tion for heatproofing alone since the savings obtained by the existing 
installation are usually sufficient except in cases where no sound- 
proofing is provided but heat insulation is necessary, such as for the 
protection of accessories and instruments in exposed, normally un- 
occupied portions of the plane. Therefore, the problem of heat insula- 
tion can be disregarded on any plane which is reasonably sound- 
proofed, and this factor should be considered seriously when trying to 
decide for or against soundproofing. 

The thermal value of the soundproofing installation is established 
by the fact that the latter decreases the transmission losses from the 
warm cabin to the cold outside, thereby reducing the necessary 
capacity of the heating plant. This is best illustrated by the following 
example: 

Calculate by how many btu/hr the transmission heat loss through 
walls and ceiling has been reduced after soundproofing the navigator’s 
compartment of a two-engine bomber as described in section 3.6. 
Reduction of heat losses through the bulkheads and the floor shall be 
disregarded. 

There are a few more data needed. The cruising speed of the plane 
shall be assumed as 170 mph, inside temperature as 68° and outside 
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temperature as —20°F. The total area of walls and ceiling is 101 

square feet, and the soundproofing materials consist of; Ze x 

Seapak, %” thick and “Type Q-1” Seapak, #” thick, separated by a 1” 

air space. The thermal values of the skin and cover fabric are negligible 

and shall not be considered. a 
The heat loss due to transmission is calculated by the formula: 

in which: BOT Na es a 

HH = heat loss in btu/hr 

A = area in square feet 

U = overall heat transfer coefficient, in btu/hr/ft?/°F 

(é ~ t,) = temperature differential, in °F 

U is calculated from the formula: 

L/U = V/fi + U/fo + 1/C + x,/k, +:x,/k, +... (5) 
fi and f, are the inside and outside surface heat transfer coefficients, 

respectively, C the conductance of the air space, x, and «, the thick- 

nesses of the heat-insulating materials, k, and k, the heat transfer 

coefficients for these materials in btu/hr/ft?/°F /inch. 


Solving the above equation first for the compartment without sound- 
proofing: 
1/U = I/fi + 1/fo = 1/1.65 + 1/42 
U = 1.59 
and: 
H = 101 X 1.59 X 88 = 14,100 btu/hr 
Now, this calculation is repeated after adding the factors for the 
soundproofing materials. C for a 1” air space is approximately 1.10 
(see Chapter XII). The heat conductivities for “Type A” and, “Type 
Q-I" Seapak are the same, namely, k 0.264 btu/hr/ft®?/°F /inch. 
Thus, for x, and x, equalling 4”: 


1/U ='1/1.65 + 1/42 + 1/1.10 + 1/0.264  ® + 1/0.264 X % 


L/U = 2.5 
and 
U=04 
Therefore: 


Consequently, a saving of 14,100 — 3560 = 10,540 btu/hr or, 
roughly, 10 stu has been obtained by soundproofing this compartment 
alone. If these calculations were carried through for all of the other 
soundproofed portions of the plane, it would be found that the saving 
will amount to from 30,000 to 40,000 btu/hr by which the rated 
capacity of the heating plant for this airplane could be reduced. 

The question might come up as to how these savings can be caleu- 
lated, if the soundproofing installation is to be designed for meeting 
noise levels rather than weight specifications. In this case, calculations 
rannot be started until after the nonsoundproofed airplane has been 
test-flown in order to measure noise intensities and predominant fre- 
quencies. Obviously, the heating and ventilating group would not 

are to wait that long before calculating its own equipment. 

The answer to this problem is very simple. Although the sound- 
proofing engineer does not yet know the exact materials and thick- 
nesses which he will use after obtaining the flight-test data, he knows 
approximately what method of treatment he will have to employ for 
various sections. Therefore, he can very well approximate the heat 
conductances of all sections, and it will be found, after obtaining the 
final values for the installation, that the approximation was a closer 
one than is common in the calculation of heat losses. 
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XX 
SEATING AND RESTING 


1.0 Inrropucrion 


Physical discomfort, whether it affects the ear, eye or body itself, 
always costs more than it saves. Discomfort which is caused or aggra- 
vated by flying in an airplane keeps paying passengers away and may 
ruin an otherwise well-managed airline. If the airplane is a military 
one, discomfort can handicap its occupants to such an extent that 
they may fail in their mission, with subsequent loss of both plane and 
crew. These are the considerations which make proper facilities for 
seating and resting a comfort feature of prime importance. 


2.0 SEATING 


Riding for some length of time in even the most comfortable auto- 
mobile or train seat will cause fatigue and, finally, cramps and actual 
pain. Brief stops and. walks are the best and simplest relief. But for 
air travel there is only one solution; design of a seat more comfortable 
than any existing one. Such a seat must meet innumerable requirements 
to make it suitable for use on an airplane, straining the ingenuity of 
the engineer to the utmost and creating an industry. : ‘ 


2.1 GENERAL REQUIREMENTS. Warren McArthur, one of the pioneers in 
this field, summarizes the requirements of airplane seating by stating 
that provisions must be made for the variation of the human form and 
man fatigue, when confined in sitting position for long periods of 
time, and that this must be achieved by simultaneously considering 
(a) heavy load under gravitational stresses, (b) severe weight restric- 
tions, (c) maximum comfort, and (d) many mechanical movements and 
adjustments. These adjustments are for variation in the size of the 
occupant as well as for changes of the seating position. 

In addition to these general requirements there are those which 
concern the specific needs of the occupant who may be a pilot, radio 
operator, gunner, stewardess or passenger. Obviously, it would be 
impossible to build a standard airplane seat which would fit every 
condition equally well. For this reason, there must be numerous types 
of chairs designed in such a manner as to attain a particular purpose 
and this purpose only at optimum weight and efficiency. 
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Chairs can be generally classified as military and non-military. 
(Seating facilities for crews of airliners are so similar to those of mili- 
tary planes that they can be considered in the same group.) 


2.2 siirany SEATS must not only provide physical comfort but also 
assist in the task of their occupants. Facilities for resting in the seat are 
merely an added feature. Considering the severe conditions imposed 
by military flying, such as gravitational forces strong enough to cause 
black-outs, enemy fire, long watches without any rest, particularly 
severe weight and space limitations and many others, it is not sur- 
prising that the design of a military chair entails more and greater 
problems than that of the non-military variety. 


9.2) Requirements. The military flier may be confined to his seat for 
many hours during which he must efficiently perform strenuous mental 
labor, yet retain his full alertness lest he jeopardize his plane and the 
lives of his comrades, Consequently, his seat should provide all such 
features which give him useful rest and, in addition, facilitate the 
physical labor required for his job. This necessitates numerous adjust- 
ments for lowering or raising the seat, moving it fore or aft, turning 
it on a swivel, reclining the back and others, These adjustments must 
be accomplished by few and simple controls, with individual or com- 
bined locking mechanisms in easy reach of the occupant. ; 

Access to the seat must be such as to permit rapid movement into 
or out of the seat, in spite of adjacent obstructions. Structural diffi- 
culties often induce the designer to make exceptions to this rule which 
can have serious consequences. The outcome of a combat may hinge on 
the speed with which a crew member can get into his seat, ora life 
may depend on the ease with which a wounded flier can be lifted out 
of his chair. Even during normal operations, stumbling or involuntary 
acrobatics can result in great damage. The author remembers an 
incident when he attempted to squeeze out of the co-pilot’s seat of a 
bomber and knocked the throttle of the starboard engine wide open. 

The military chair must be strong enough to support and hold an 
occupant even during the most critical flight evolutions such as dives 
and sharp banks at high speeds. Corrosion, wear and vibration are by 
no means minor problems. Under certain conditions, provisions must 
be made for the attachment of protective armor. Finally, all of this 
must be achieved at the eternal “another five pounds less.” 

As Mr. McArthur points out, the chair manufacturer does not have 
all of the answers, and only close cooperation between him and the 
fuselage designer can result in a satisfactory solution. Therefore, the 
airplane manufacturer should furnish complete information regarding 
type and purpose of the desired seat, the kind of load which it must 


[| 286 | 


withstand, the space available for it, obstructions, the overall dimen- 
sions allowable and, preferably, a schematic diagram of the chair 
showing the desired movements. 


2.22 Location. In addition to the proper selection of the best seat, it is 
highly advisable to consult the chair manufacturer in locating it. A 
poorly chosen location can obviate many of the ingenious features of a 
seat. On the other hand, if no better location is available, a different 
selection or special design may be needed. 

Most difficult and important are the design and location of seats for 
pilot and co-pilot. Both the Army and Navy have specified the rela- 
tionship between the positions of the seat, control wheel and pedals. 
In order to meet these specifications, the seats must be adjustable for 
occupants of different size. At the same time, it should be possible to 
tilt the back so that the pilot can rest when not operating the plane. 
All controls must be within easy reach and all of the essential instru- 
ments must be in full view. Furthermore, the occupant should have 
access to maps, writing utensils and similar necessities. Finally, the 
movements of the occupant and chair must, in no way, interfere with 
the maze of controls, switchboards and similar mechanisms with which 
the average cockpit is filled. 

Somewhat more freedom is allowed in locating chairs or seats for 
the rest of the crew. Usually, it is feasible to place navigator, radio 
operator and flight engineer sufficiently close to each other to avoid 
the necessity for conversing by means of the inter-phone, yet far 
enough apart that their work zones do not overlap. 

There are, of course, no given rules for such arrangements since 
size and purpose of the airplane are the main factors in choosing the 
best suitahle location for individual stations. Once the approximate 
location has been determined, the selected chair should be so mounted 
that its occupant can quickly and easily get in or out, is within easy 
reach of and full vision over the equipment with which he has to work 
and is in arm’s reach of shelves or drawers which contain often-needed 
utensils. The relationship between a drawer and seat must not entail 
difficulties in opening or closing the former. 

Locating military chairs from the standpoint of protection during 
combat will be discussed in a later chapter. Placing a mock-up or, 
better still, a final model of the chair into the mock-up of the airplane 
is usually the best way to ascertain whether the selected chair and 
location serve their purpose. 


2.23 Load. Quoting McArthur again, specifications for loading re- 
quirements usually consist of a seat load applied downward, a safety- 
belt load applied forward and u pward at varying angles, and a back 
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load applied either horizontally or perpendicularly over the back on 
some specified area. Less frequently given are side loads which are 
mostly required on swivelling chairs and on chairs mounted sideways in 
the airplane. According to the same reference, military planes must ‘take 
up to 2400 Ib load on the seat, 1600 Ib on the safety belt and 1200 Ib 
on the back. 

Loading tests are made with 50 Ib bags of lead shot which are 
applied by gravity while the chair is being sogpended at various angles. 


2.24 Construction. The great loads to which an airplane chair is 
subjected and the subsequently Selanne flexibility result in very. com- 
plex stresses. Therefore, the chair frames are made from tubular 
rmmembers of high-grade aluminum alloys which are reinforced by steel 
bracing. Anodizing and cadmium-plating, respectively, are applied 
throughout as protection against corrosion. 

Cushions must be elastic and spring back to their original shape 
when the chair is unoccupied. They are made of special, flame-proofed 
and wear-resistant materials and must be easily removable. Both seat 
and back of the chair are so shaped as to form “pans” for seat-back or 
back-pack types of parachutes. The acoustical value of the upholstery 
in providing sound-absorption is incidental but should not be over- 
looked. 

Often, the chair must run on tracks so that it can be slid back in 
order to permit the occupant to get in or out of it; in some cases, space 
limitations are so severe that the chair must be foldable to attain this 
purpose. Since such constructions are not only very difficult to design 
and build but are heavier and less efficient, the designer of the fuselage 
should try to avoid the need for them. 

A pilot seat of the reclining-back type for long-range airplanes is 
shown in Fig. 134 which illustrates the Warren McArthur Model No. 
225, The following describes it: 


The seat is mounted on tracks 9” center to center, sliding fore and aft in 
the airplane. The height of the seat is adjustable in fifteen positions from 
11” to 17%” above the floor line. The seat and back adjust simultaneously 
through 5 positions. There are removable cushions and prov. isions for seat 
and back parachutes, a removable head rest and hinged “Bantamite” arm 
rests. Rubber elevation straps lift the seat to its up position, Armor plate 
may be fastened to the back and sides. The seat and back pans are formed 
“Bantamite” to take either seat or back type parachutes respectively. 


This seat is tested under the following loads: 2400 lb down-load on 
seat; 1200 Ib down-load on back with back horizontal; 1600 lb belt-load 
with belt at 40° to track; 1000 Ib belt load with belt parallel to back; 
700 Ib up-load on harness fitting parallel to back; 600 Ib forward-load 
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over top of back on take-up mechanism; 400 Ib down-load on both arm 
rests; 50 Ib side-load on both arm rests. 

It is obvious that only most ingenious design achie ved all of the 
above features at the almost unbelievably low weight of 83, 87 Ib for 
the complete chair, including upholstery, Another example of design 
is the radio operator’s chair (Fig. 185), Warren McArthur model No. 
163. The following specifications are given: 


The seat is mounted on tracks allowing movement forward and backward, 
controlled by a hand-operated lock. It has a swivel base with 8 locking 


Fig. 134 Fig, 135 


positions in 860 degrees, also controlled by a hand-operated lock. ‘The seat 
is fitted with seat and back pans to accommodate mee d ee when 
seat and back cushions are not in use. Weight upholstered is 19.5 Ibs. Loads 
tested: Seat load 1200 Ths., belt load 1600 Tbs., back load G00 Tbs. 


2.25 Special Designs. The great variety of tasks which the military 
airplane and its crew must perform have resulted in many suggestions 
and special designs. Most of these designs endeavor to adapt a chair 
to emergencies arising from military operations such as the one which 
proposes to assist in the prevention of black-outs during dive-bombing. 
In this-scheme, the seat is exible and automatically assists the pilot 
into a supine position as he pulls his plane out ol ‘the dive. As soon as 
the bomb is released, control of the aircraft passes to a gyroscope unit.” 
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“Parachute Chairs” and similar combinations of aircraft seats and 
parachutes will be described in a following chapter. 


2.3 NON-MILITARY SEATS. As indicated before, the chair for a com- 
mercial airliner or private plane is somewhat easier to design than the 
military seat although its features must provide more than mere 
elimination of discomfort, even up to the point of luxury. However, 
weight and space limitations, while still far greater than for ground 
conveyances, are relaxed and adjustments are considerably less com- 
plex than those needed by military crews. On the other hand, there 


Fig. 136 


are some requirements which are added so as to provide mutually 
profitable comfort. 


2.31 Requirements. The chair ina non-military plane must be able to 
support even very heavy passengers under all conditions of private 
and commercial flying, including bumpy air and rough landings. It 
must be adjustable to occupants of different size and be so comfortable 
as to minimize sitting fatigue even over very long periods of time. 
It must have a reclining back so that the passenger can change his 
position or rest. The latter is particularly important when sleeper 
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service on airlines is restricted, confining passengers to their seats for 
as long as 17 hours. : 

Under normal circumstances, the chair on a long-range transport 
must be converted easily into a rigid and comfortable bed which entails 
mechanical problems. Artistic appearance must be given the closest 
attention so that styling and appointments of the cabin match. 


2.32 Location of seats in a private plane of the cockpit or cabin type 
is usually determined by the same considerations which apply to a 
military flight deck: comfort while handling the controls or a maximum 
of comfort within a minimum of space. 

Chairs in commercial transports can be located in two ways, either 
by laying out the most desirable arrangement of seats and compart- 
ments, and then building the fuselage around them, or by placing seats 
as well as possible in an existing fuselage design, Naturally, the former 
is preferable. 

A perfect example of the first method is illustrated in the cut-away 
view of a Boeing 307-B Stratoliner such as used by TWA for trans- 
continental passenger service before the War (Fig. 186), The fuselage 
is 74 feet long and 11% feet 
in diameter, providing ample 
room for 33 passengers. Be- 
sides the control cabin the 
Stratoliner has spacious kitch- 
en and pantry, double and 
triple compartments, comfor- 
table single seats and roomy 
berths. Provision of sufficient 
leg room in compartments is 
one of the prime factors in 
determining the arrangement 
of seats. Figure 137 shows a 
view of one of the triple 
compartments on the Strato- 
liner. It is evident that pas- 
sengers, although sitting opposite each other, can readily stretch out 
and rest in comfort without disturbing each other. Such comfort can 
be attained only by very shrewd utilization of every available fraction 
of an inch and the functional design of the fuselage. The roominess 
of the compartment is further accentuated by its unique styling, de- 
signed by Howard Ketcham, famous stylist of airplane cabins. 

The second method of locating seating accommodations in an exist- 
ing fuselage is of particular importance for the anticipated conversion 
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Pig. 137 


of bombers and military transports into post-war airliners. The 
economy of space and the presence of obstructing and unsightly 
structural members in the cabin makes it appear that such a task can 
never be fulfilled without many unsatisfactory compromises. The best 
proof that perfect conversion, no matter how difficult, can be achieved 
by good engineering is the job which the then Vought-Sikorsky Divi- 
sion of United Aircraft did shortly before the war in converting one 
of its four-engine Navy bombers into a luxurious transatlantic pas- 
senger plane. A number of these airliners are now operated by 
American Export Airlines in successful transatlantic service. Figure 
138 shows a compartment in one of these Flying Aces which scarcely 
resembles a military airplane. 


Fig. 138 Fig. 139 


The seats are 40” wide and adjustable to two positions. The frames 
are built into the plane so that they are integral structural members 
and yet, so light that they add a negligible weight. Two pillows are at 
the back of the seat. The Pullman-type upper berth is so designed as 
to leave ample headroom and fit into the artistic scheme of the cabin. 

Other considerations in locating passenger chairs are, proximity to 
ashtrays, call buttons, individual air-supply inlets and light switches. 
Good location with respect to the window, ceiling lights, heating and 
ventilating openings are of equal importance. Avoidance of drafts, hot- 
air blasts, stratification and foul-air pockets near or around seats cannot 
be overemphasized. Finally, passenger compartments should be as far 
aft as possible in order to simplify the task of soundproofing. 

if sleeper service is not required, a seating arrangement as shown 
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in Fig. 139 is the most popular and economical. The seats in this 
United Air Lines Mainliner have a double fingertip control, permitting 
easy adjustment of seat and back without disturbing passengers fore 
or aft. Such conveniences as individual air-supply nozzle, stewardess 
call button and others are within reach of every passenger, Movement 
in and out of seats is unimpeded. Special brackets permit quick 
attachment of tables. Cushioning of these chairs is so complete that’ — 
even long rides cause hardly any fatigue. 


2.33 Load. Inasmuch as the flight maneuvers of a commercial plane 
are less abrupt than those of a military one, load requirements are 
somewhat less. They range upward from 1000 Ib lead for the seat, 


1000 Ib load for the safety belt and 300 Ib load on the seat back at 
shoulder height. 


2.34 Construction. The principles of construction employed in the 
design of a passenger chair are very similar to those of military planes; 
structural details are established by identical methods of stress analysis. 

Special attention must be given to the cushions which take most of 
the wear yet are one of the main factors affecting the general appear- 
ance of the chair. A deep permanent set which is unavoidable after 
lengthy use, is neither sightly nor conducive to comfort, Vor this reason, 
airlines maintain upholstery shops in which they constantly restore 


their supply of cushions (Fig. 140). 
3.0 Restine 


To most people the main ad vantage of airplane travel lies in the 
saving of time over travel on the ground. However, much of this 
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saving is obviated unless passengers can arrive at their destination 
fully rested. This requires resting accommodations which give the 
opportunity for normal sleep and, at the same time, are suitable for 
use on aircraft. 

While a comfortable chair with reclining back is a good place for a 
snooze, it can not take the place of a regular bed or berth. Yet, there 
ig even Jess room for a conventional bed on an airplane than there is 
on a train, so it has been necessary to adapt the scheme of a seat-bed 
combination to the peculiar conditions existing on an airplane, The 
ensuing problems are, of necessity, quite involved. 


3.1 requREMENTS. The airplane berth must be able to take loads. 
similar to those on the chair. Often it is composed of the same units 
but in a different arrangement. The change-over from chair to bed 
and vice versa must be extremely simple and rapid, and not require 
physical effort or special tools. Bedding must be light and flame- 
proof, yet serve its purpose. The size of the bed should be equal to 
or greater than that of a similar berth on a train and accommodate 
even large and heavy people without discomfort. 

Joints must be strong enough to prevent collapsing of either berth 
or chair under high gravitational stresses and be such as to avoid 
rattling or vibration. Once resting accommodations are provided, 
limitations of weight or space should never be permitted to reduce 
this comfort below the minimum required for restful sleep. 


89 tocation of the berth is determined by the location of the chair 
from which it has been converted. Thus a convertible chair should 
never be located from the standpoint of seating comfort alone. 

One of the major problems is the need for proper and draftless 
circulation of warm air through both upper and lower berths. Conse- 
quently, all of the engineers concerned must get together and decide 
on the best possible location of berths and methods of ventilation. Close 
cooperation is also needed in placing individual air nozzles, call but- 
tons and reading lights. Passengers must be able to step in or out of 
beds easily without hazard. For this reason, it is always advisable to 
put a number of adjacent and opposing chairs into the mock-up and 
have several people try them both as seats and berths. 


3.3 construction. The change-over from chair to berth can be accom- 
plished in a number of ways. The Pullman arrangement for the upper 
berth is usually the simplest one. In the previously mentioned Fig. 138 
the opposing seats in the cabin of a “Flying Ace” form the lower berth 
while the upper folds down in Pullman fashion. Both berths are 6’ 6” 
long and up to 40” wide, thus providing a comfortable double bed. 
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Spacing is such that the occupant of the lower berth has enough head- 
room to sit up. ; 

A similar arrangement is shown in Fig. 141 which illustrates the type 
of berth provided by United Air Lines on their sleeper planes, prior 
to the war. This berth is 6’ 5” long and wider than a twin bed. 

A good view of another simple yet sturdy method of erecting and 
bracing upper and lower berths is given in Fig. 142 which shows a 
section in one of Boeing's famous 314 Clippers. Operated by Pan 
American in trans-oceanic service, these giant flying boats provide the 
latest in travelling luxury for 89 passengers and, if needed, up to 40 
berths like the ones shown in Fig. 142. 


Fig, 141 g, 142 


It can be expected that, after the war, airplane berths will be further 
developed to match the near-perfection of present-day airplane seating. 


3.4 Bunks. The design of bunks for the crews of military or commercial 
airplanes appears quite simple, consisting merely of a frame of 
aluminum alloy tubing with steel reinforcements, and canvas or a 
similar material stretched over this. Yet, a well-built bunk requires as 
much consideration as a seat or chair. It must be properly stress- 
analyzed and constructed to hold up under all conditions of military 
flying. It must be located in a suitable and not too noisy place, keep 
its occupant from being thrown against the metal skin or floor of the 
plane during abrupt flight evolutions and, before all, give enough rest- 
ing comfort to justify its existence. ; 

The design of bunks and stretchers for wounded in emergency or 
regular ambulance planes covers a field in itself which is so specialized 
that its discussion would go far beyond the scope of this tex Still, the 
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fundamental requirement for airplane bunks, seats and berths, whether 
military or non-military, always remains the same; first, consider the 
minimum comfort necessary in each specific case and then the limita- 
tions of weight and space. 
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XXI 
LIGHTING 


1.0 InrrRopUCTION 


One of the major contributors to comfort and yet still in need of 
much improvement is the lighting and illumination in modern aircraft. 
Both too much and too little light cause eye strain and fatigue, and 
result in headaches, thus contributing as much to the general level of 
discomfort as noise or cold or an uncomfortable chair. 

Proper lighting on aircraft should be given the closest attention and 
taken care of by engineers who are familiar with this subject. Some of 
its aspects will be discussed below. 


2.0 SPECIFICATIONS 


Lighting requirements for aircraft are, in many cases, specified in 
such generous terms as “adequate flumination shall be...” or “suf- 
ficient light must be . . .” and even “reasonable lighting should be. . . i 
Obviously, the interpretation of what is adequate, sufficient and 
reasonable can vary from zero to infinity, with subsequent dissatisfac- 
tion to all. 

The writer of the general specifications for an airplane cannot be 
expected to be an expert in hydraulics, structural design and illumina- 
tion but he must know enough about all of these to provide t those men 
who are the experts with sufficient information to give him exactly 
what he wants. 

In order to explain, for instance, what his concept of “reasonable 
lighting” is, the specification writer need not be familiar with the rather 
complex science of illumination. However, it is necessary for him to 
be able to express the lighting requirements in non-ambiguous units 
and figures. One of the main stumbling blocks in this respect is the 
definition of lumen, candlepower and foot-candle. 

The candlepower is a unit of light quantity, based on the Inter- 
national Candle. Thus, if a light bulb is said to have a candlepower of 
10, it means that its intensity is ten times greater than that of the 
International Candle. 

The lumen is the “unit of Juminous flux” or, the amount of light 
emitted by a point source of one candlepower through one unit solid 
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angle. Since there are 4x such angles in a sphere, it can be said that 
one oe alia er is the source of and equal to 4x lumens. 

The foot-candle is the unit of illumination and equals one lumen/sq 
ft, In other words, if an area of one square foot receives a luminous 
flux of one lumen, it is said to have an illumination of one foot-candle. 
This can be written as: 

=FXA (1) 
in which L is the amount of lumens, F the number of foot-candles and 
A the illuminated area in square feet. 
Since the illumination decreases as the square of the distance from 
the light source, the second fundamental equation becomes: 
C 
ha (2) 
AR? 
in which F is the number of foot-candles, C the candlepower of the 
light source and R the distance of the light source from the area to be 
illuminated, in feet. 

Now, if the writer of the general specifications for an airplane defines 
the desired illumination of, for instance, a radio-operator’s table in 
foot-candles, it is easy to calculate the candlepower of the light source, 
mounted at a given distance from the table, which is necessary to 
obtain the specified illumination. 

In reality, these calculations are a little more involved since it must 
be determined what percentage ie the light emitted by the lamp is 
actually utilized. This depends on reflectors, lenses and other factors 
and is ‘called the “coefficient of utilization.”? 

The total illumination of a room such as an airplane cabin depends 
also, largely, on the amount of light which is being reflected from the 
walls, ceiling, floors and other ee within the ca a bin: The coefficient 
of reflection, that is, the ratio of reflected light to incident light, varies 
greatly for different materials and colors. Polished and white surfaces 
reflect a great deal of light while rough and dark surfaces absorb most 
of it. Consequently, both weight and current for light sources can be 
saved by keeping the interior of the cabin as light as possible although 
darker colors may often be more desirable for a particular artistic 
scheme, 

The simplest and quickest method to ascertain whether the illumina- 
tion meets the specifications throughout the various stations of an 
airplane is by means of photo-voltaic or photo-electric light meters 
which measure the amount of light received through an opening of 
given area in foot-candles. Meters of this tvpe are widely used by 
photographers. 
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8.0 Miurrary Licutrinc 


One of the most vital assets of a flier is good eyesight. Since the 
eyes of military flight personnel are usually subjected to greater and 
more continuous strain than any other part or organ of their body, 
optical comfort equipment is of the utmost importance. 

A variety of factors contributes to the burden placed on the eyes of 
military fliers. Foremost is the need of their sharp and strained use for 
long periods of time. Scanning the glaring sky, often against the sun, 
for enemy aircraft; examining the ground ee clouds and haze; 
observing many instruments over a wide angle; reading fine script 
and figures in insufficient light; lengthy use of optical instruments 
and night flying, all play havoc with the eyes of even the healthiest 
person. 

Because of the importance of preserving the unrestricted eyesight 
of military flight crews, optical comfort has been of great concern to 
aeronautical medicine. Concentrated research has finally evolved three 
distinct phases of sight control, namely an appropriate program of pre- 
induction testing, sight conditioning and sight protection. 


3.1 PRE-INDUCTION TESTING. In testing the eyes of applicants for military 
flight duty, it has been necessary to develop and standardize methods 
which are quite different from those used for el other purpose. Good 
eyesight alone is not sufficient. Much of the military fying is done at 
night and under black-out conditions so excellent night vision is a 
prerequisite. Under low brightness, colors are often not recognized and 
only the rod system of the retina is effective in seeing.’ Objects appear 
larger and dimmer against their background, more to some people than 
to others. Thus, it is necessary to examine applicants under all condi- 
tions of military flying, so as to arrive at acceptance levels which can 
be attained by a good average yet meet the stringent requirements of 
military flying. 


3.2 siGHT CONDITIONING has contributed greatly to increased. i ee 
of flight crews. This has been accomplished by determining the factors 
which affect their vision, and either developing methods to train and 
condition eyesight for such circumstances or by recommending means 
to improve them. The following factors have been found to require 
attention: conditioning for night-flying, effect of anoxemia, effect of 
large gravitational forces, effect of exhaust gases, unsuitable design of 
optical equipment and insufficient fliseainie ai, 

Acuteness of vision at night varies considerably with the individual, 
however, it can be generally improved by correct diet with stress on 
Vitamin A, exercise of the eye muscles, blindfold drills, night look-out 
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technique and similar training. For the normal individual, rod re- 
sponse will increase up to 100,000 times as the eyes are kept protected 
from light for a period of at least half an hour, This adaptation will be 
completely lost by looking into a strong light, even for a short time. 
As a result, it has been necessary for pilots, leaving the brightly illumi- 
nated “ready room,” to adapt their eyes to the darkness of the night 
sky for a lengthy period before the take-off. Several schemes have been 
worked out, and used with encouraging success, which tend to elimi- 
nate or shorten this dangerous period. Apart from the conditioning 
training, described above, dark goggles have been developed which 
are worn for some time before the night take-off. A more recent de- 
velopment is a plastic polaroid goggle which has been perfected by 
the medical-research section of the Bureau of Aeronautics. These 
goggles employ a combination of lenses and filters which allows prac- 
tically no light to stimulate the portion of the retina used in night 
vision. By using the dark-adapter goggles the pilot can remain under 
full illumination, work out his flight plan and take off with his eyes 
sufligiently adapted to fly without difficulty. 

Anoxemia or lack of oxygen at high altitudes has been proven to 
decrease the visual accuracy in dim light and narrow the field of vision. 
Latent defects become apparent and exaggerated, and night vision is 
decreased. This is an added reason to stress the need for proper use 
of oxygen, even at medium altitudes, There remains the harmful effect 
of exhaust gases upon the eyes. Inasmuch as these gases are highly 
toxic, proper design of exhaust and ventilating systems is doubly 
imperative. 

The effects of extraordinary gravitational forces show themselves, 

among others, by increasing the reaction time of the flier. This is more 
evident in vertical than in horizontal acceleration. No information has 
been found as to whether this can be overcome by some method of 
training. Since these accelerations are an integral phase of military 
flying, it appears that their consequences must be taken into account 
as unavoidable. 
3.3 sicur prorection. While the foregoing phases of sight control be- 
long mainly in the realm of the flight physician, sight protection is the 
task of the comfortization engineer which he can solve satisfactorily 
only by close cooperation with the physician and other design groups. 
This concerns, specifically, the design of optical aids or equipment, 
and interior lighting. 


3.31 Optical Equipment, One of the basic prerequisites for sight pro- 
tection in cockpit-type planes is the provision of suitable goggles, 
which must be selected for maximum efficiency and minimum in- 
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convenience. Since their main purpose is to keep harmful drafts out of 
the eyes, they must fit snugly, yet avoid pinching and resulting head- 
aches. The lenses must neither unreasonably absorb nor in any way 
distort light but, if needed, reduce glare. The field of vision must be 
such as to permit full movement of the eyes without moving the head. 
It is also advantageous to coordinate the design of the goggles with that 
of helmet, oxygen mask and microphone. eas 

Of equal importance is the construction of the windshield which must 
be designed for maximum vision and minimum air resistance. Of 
course, as Mario di Giovanni® points out, vision alone cannot dictate 
the design of an airplane, Although the line of vision should preferably 
be normal to the windshield in order to minimize refraction, it is neces- 
sary to shape it in such a manner as to obtain the least possible drag 
which, usually, results in a V-type windshield. However, despite dic- 
tates of aerodynamic design, windshields must give the pilot all of the 
necessary vision, particularly during landing. Violation of this rule is 
a definite hazard, not only while landing but also during action. 

Giovanni suggests that the distance between pilot and windshield 
should not exceed 26” to 82” since this will giv ea maximum field of 
vision, and small specks of dust and other matter are less visible at 
shorter distances. 

The location, angle and size of portholes and windows must be so 
selected that they serve their purpose without undue strain on the 
eyes and body of the crew members who are stationed near them for 
look-out and similar purposes. This is also true for design and in- 
stallation of the optical accessories of a military airplane, such as sights, 
navigation instruments and related equipment. 

The eye strain caused by looking through optical instruments with 
fine hairlines and need of frequent correction is unavoidable, However, 
the instrument should be so designed as to place the operator in the 
most comfortable position and prevent neck and back strain. Eye- 
pieces should be provided with viewing attachments and properly 
cushioned to prevent injury to the eye during abrupt motions of the 
plane. The design of adjustments must take into account that the 
operator may have to wear heavy gloves. 


3.32 Illumination. Large window areas increase the weight of an air- 
plane and aggravate the task of sound- and heatproofing. For this 
reason, the normal tendency is to keep the nurnber and size of windows 
to a minimum. But a window is not only to look out of but to admit 
sufficient light and thus avoid too large a consumption of electric cur- 
rent during daylight hours. If, for structural or military reasons, the 
window area is limited below the requirements of adequate illumina- 
tion, artificial light sources must be installed wherever necessary. 
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Efficient illumination is required by the navigator for instance; on 
his work may depend the fate of plane and crew; the radio operator 
should have sufficient light to observe, operate and service his equip- 
ment properly; and crew members whose duties include the accurate 
reading of important instruments must have good light. 

Narrow cat-walks should have enough light to eliminate hazards. A 
minimum illumination of 1 foot-candle should be specified for un- 
occupied areas which are used for transit; 2 foot-candles should be the 
minimum in occupied areas where only moderate discrimination of 
detail is essential; and not less than 5 foot-candles should be provided 
at the navigator’s table and wherever discrimination of fine detail is 
required, 

Unfortunately, the interior illumination of many military airplanes is 
still inadequate. It is usually furnished by small bulbs in reflectors 
which are arbitrarily distributed throughout the cabin and often 
mounted on adjustable arms, giving a concentrated but still insuflicient 
amount of light. The reason for this deficiency is by no means lack 
of existing equipment but rather the frequent failure of appreciating 
the urgent need for better and more light. This can be improved by 
definite specifications for the number of foot-candles required at vari- 
ous stations, by carefully selecting the best location for the light sources, 
by the use of more adequate light fixtures, by development of suitable 
fluorescent lamps and choice of paints and finishes of optimum reflect- 
ing power. 

Therefore, a closer study of lighting requirements will yield -the 
greatest possible economy and attain the desired result at a minimum 
of current consumption. It will also find simple means to keep the light 
strictly within the cabin so that it will not leak to the outside nor into 
the flight deck or to persons who must work in the dark. 

Special attention must be given to the optical problems of the flight 
deck. The multitude of flight instruments demands such wide dis- 
position that, even in daylight, their observation is difficult. Simplifica- 
tion and better coordinated arrangement of instruments is the logical 
answer to this problem and has long been the subject of diligent 
research, 

The problems of adequate sight in the flight deck are multiplied 
many times at night. As mentioned before, improved night vision can 
be obtained through a number of means. However, the best adaptation 
is completely destroyed by the bright flashes of guns or tracer am- 
munition so that the outcome of a night combat depends mostly on 
which pilot sees the other one first. 

OF course, piloting and navigation at night can be easily accom- 
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plished by a trained crew through use of blind-flying instruments. On 
the other hand, the instruments are of no use unless they can be 
plainly seen. Instrument illumination must offer sufficient contrast to 
distinguish the pointers and dials without effort, yet not so much as to 
affect the vision of the pilot to the outside. This is splendidly illus- 
trated in Fig. 143 which shows a night view through the windshield 
of an airliner as seen by the pilot. 

Illumination of instruments can be accomplished in several ways, 
namely by dashboard or reflecting lighting, ring lighting around the 
instrument, radium-coating and fluorescent lighting. In the latter 
method dial and pointers are coated with a paint which fluoresces 


Fig. 148 


brightly under ultra-violet light. This light is supplied by a special 
bulb which is placed between a reflector and a “black-light” filter. If 
the filter is removed, the lamp provides visible light for emergencies, 
a, co 

4.0 Non-Miuirary Licnrinc 

Much that has been said about lighting on military airplanes applies 
equally to commercial airliners. Their crews have tasks similar to those 
aboard military planes, and their lighting requirements can usually 
be met in an identical manner, 

The following additions concern, in particular, the illamination of the 
passenger cabin. 
4.1 payuicur ruicuts. In the absence of military considerations, the 
passenger of an airliner expects a window area large enough to afford 
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a good and convenient view of ‘the scenery below and also to provide 
sufficient light. Sufficient light permits reading normally without undue 
eye strain at all seats, even those tow ards “he center of the cabin. 
Eastern Air Lines furnished the picture shown in Fig. 144 which proves 

that the light for the center-seat passengers furnishes enough illumina- 
tion in thee ‘abins of their airliners to ale snapshots. An illumination 
of 5 foot-candles and up, at shoulder height, is generally considered to 
be adequate. 

Insufficient illumination is not the only source of visual discomfort. 
Too much illumination or glare is often actually painful. Glare in the 
cabin is usually caused by sunlight which is reflected from the wings 
and into the eyes of the passengers.® Painting of the upper stiuiaces 
of the wing is not feasible since this would add too much weight. Shades 
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and curtains are used at present to eliminate g glare at the discretion of 
the passenger. However, much research is being conducted in the 
development of non-glare materials and blinds. 


4.2 nicur riicurs. lumination of a passenger cabin at night presents 
several unique problems. The interior as a whole can be illuminated 
easily by dome lights, and quite efficiently if the following rules are 
observed: The number and distribution of dome lights should not be 
established arbitrarily but by calculation of the ee necessary to 
obtain 5 candlepower at every chair. The globes must be selected for 
good light transmission and low glare, and preferably be made from 
panelac ent plastics. The loss of light by dust on reflectors and globe 
must be taken into account in calculating candlepower. Colors within 
the cabin must be selected for best reflecting power, notwithstanding 
different wishes of the stylist. This is of particular importance if the 
cabin lighting is indirect. 
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During the latter part of the night, some of the passengers wish to 
rest while others prefer to continue reading. In pee to satisfy both, the 
dome lights must be dimmed or turned off entirely and individual read- 
ing lights provided. In doing so, it is necessary to furnish enough light 
for the reading passenger without disturbing a neighbor who wants to 
rest. This is accomplished by means of concentrated beams of light 
which are produced by a small bulb and lens, set deep into the cabin 
wall. As a result, the light source : 
itself is not visible and a dise of light 
is projected toward the passenger, 
just large enough to cover a magazine 
or book, Although this keeps most of 
the light from adjacent passengers, 
there is enough reflection from the 
white paper 16 inconvenience others. 
Further research in this respect is 
indicated. 

Illumination of berths is accom- 
plished in a similar manner. The cur- | 
tains used on aircraft berths are of 
special, lightweight and flameproofed Fig. 145 
materials which are highly opaque so 
that a resting passenger may use his light without embarrassment to 
himself or inconvenience to others (Fig. 145). 


5.0 Licrreinc Equipment 


The low voltage furnished on airplanes requires high amperage for 
their electrical equipment in order to obtain the desired wattages. In 
addition, vibration and other stresses are higher than normal for ground 
applications. Consequently, it was necessary to develop an entire line 
of special light bulbs for use on aircraft. The General Electric and 
Westinghouse Companies have now made it possible for designers to 
select a production bulb to meet any one of their many requirements. 
Similarly, switches, conduits, junction boxes and other electric equip- 
ment are now available which are designed and manufactured in 
accordance with all Army, N avy and commercial specifications for 
aircraft. 

Specialization of electric aircraft equipment has gone so far as to 
combine electrical comfort devices with others in order to save space 


‘and weight. An example of such a device is the combination of air 


diffusers with dome lights discussed previously. The newest develop- 
ment along this line is shown in Figs. 146, 147, and 148 which Ulustrate 
an overhead anemostat for airplane cabins, with integral dome light 
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and translucent globe, manufactured by the Anemostat Corporation 
of America. 

It is quite signifi cant that manufacturers are now spending a con- 
siderable amount of time and effort for the development of aircratt 
comfort accessories. Before the war, the small quantities involved and 
the then unusually strict specifications discouraged the research in and 
manufacture of such specialized accessories. This pertained particularly 
to electric equipment, including motors, relays and lighting fixtures for 


Fig. 148 


Fig, 146 


aircraft which were most difficult to obtain. The growing interest of 
existing manufacturers and creation of entire new industries promise 
rapid improvement of those features which are still more or less 
adaptations from designs for the ground. 

Aireraft lighting should profit very much from this trend and be 
given many added facilities as, for instance, radically new methods 
of illumination, lighter and better fixtures and fluorescent lighting 
throughout. The latter should become standard with the unavoidable 
change-over to higher voltages and alternating current. 
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XXIT 
FIGHTING C OMFORT 


1.0 Inrropucrion 

The purpose of fighting comfort is threefold, namely to assist the 
military flier during acrial combat and thus make him more efficient; 
next, to help him overcome the effects and after-effects of combat and, 
thereby, protect him from becoming defenseless; and finally, to save 
his life in emergencies and, with it, the valuable investinent which his 
government has made in: his training. 

Consequently, fighting comfort may be said to consist of the three 
general classes of combat, protective and emergency comfort. 


2.0 Comsat Comrorr 


 } + . . 

Combat comfort is attained, not so much by special devices or 
equipment, as by design considerations which take into account the 
physical requirements and limitations of the human body. While 
this appears self-evident, it is surprising how often this important rule 
is violated. 

Thus, movable guns should be so constructed as to require a mini- 
mum of effort for operation and to avoid cramped position of the 
gunner. Guns, lookout ports and sights should be positioned for best 
possible vision and a minimum of physical strain, particularly on head 
and eyes. . 

Handles exposed to cold should be protected by rubber or similar 
material to prevent freezing the hands, and gunners must be protected 
from exposure to strong drafts and intense cold during combat. Sights 

; g 
should be constructed to accommodate the normal eye and permit 
lengthy sighting without causing headaches and eye fatigue. 

All stations must be readily accessible and permit rapid relief of a 
wounded crew member. Clothing should be selected in such a manner 
as to afford the desired protection and service, without impeding mo- 
tion of arms and legs. 

All of these are simple rules, but their neglect may result in the loss 
of valuable aircraft and their crews, 


3.0 Prorecrive Comrort 


This, also, is largely a matter of proper plane design. Its first phase 
concerns such an arrangement of seats, stools and stations in general 
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as to protect the flight crew as well as possible against direct hits and 
bullet splatter. 

This can be achieved by keeping the necessary exposure to a mini- 
mum and by placing personnel behind protecting equipment. Unfor- 
tunately, this is not always feasible. The gunners, for instance, can be 
given only partial protection against bullets coming from the direction 
in which they are firing; otherwise their vision is obstructed. Similarly, 
the pilot requires vision towards the front, sides and ceiling, so that 
his head must remain almost fully exposed. 

This brings up the questions as to-whether armor plate and how 
much of it should be provided on a military airplane. In spite of re- 
markable developments which have greatly reduced the weight of 
armoring and, at the same time, increased its protective properties, the 
weight is still considerable if the armor is to be at all worthwhile. On 
the other hand, it must be reasoned that every crew member is vital 
to the purpose of the airplane or he would not be on it. Therefore, 
injury to or death of any one of the flight crew seriously affects the 
effectiveness of the airplane. A satisfactory compromise between the 
scope of a comfort feature and its weight is again necessary. 

The armoring of a plane also serves as a protection for not only the 
crew but also for pipe lines, control cables, wiring and other vital 
equipment, and thus reduces the vulnerability of the plane. Sound 
judgment in the selection of armor has resulted in a very great su- 
periority of American over Japanese aircraft although the former was 
heavier and often less maneuverable than the latter. 

In a complete analysis of this complex subject, Horace J. Alter 
points out that protective armoring must consider the angles at and 
from which bullets might strike the plane, and how much of the 
airplane structure and equipment they would have to penetrate before 
reaching a crew member at his battle station. In some cases, it may 
be sufficient to provide heavy aluminum alloy sheets or even splatter 
shields. In other cases, heavy armor is needed to protect as much of 
the body as possible without interfering with the task of the individual. 
Alter states that, if the plate is placed close to a person, its area can be 


reduced to about 8 sq ft. Personnel operating movable guns should be | 


covered by flexibly mounted plates which require less area than fixed 
ones and give protection in the direction of fire. 

The fire protection of pilots in single-seaters is particularly difficult. 
The engine covers the front, but sides and back are usually more 
vulnerable than in larger planes. Therefore, it is necessary to provide 
armor plate for the pilot’s seat and legs. Face and chest can be pro- 
tected by bullet-resistant glass in the windshield. 
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Another phase of protective comfort concerns the physical limitations 
of man when flying at speeds approaching that of sound and the 
effects’ of the ensuing accelerations, Although detailed data may not 
be published, it is common knowledge that the gravitational forces 
encountered when banking or diving at high speeds are many times 
the normal gravitational force, g. The effect on human beings varies 
somewhat with the individual but, as these forces—expressed a multi- 
ples of g-exceed 4 g, an excessive amount of blood is forced into or 
out of the brain, resulting in serious disturbances and, finally, un- 
consciousness or “black-out.” Even at moderate accelerations, hearing 
and vision is affected; increasingly so as the black-out condition is ap- 
proached, which is quite common in the pull-out during dive-bombing. 
Nonmally, all functions are quickly restored as the acceleration di- 
minishes or stops. However, there are numerous cases in which fliers 
recovered too late to prevent disaster.? 

Much has been written about this phenomenon, and medical science 
has contributed valuable devices and suggestions for delaying or 

shortening the black-out period, and facilitating recovery. A seat which 
forces the pilot into a supine position was described in a previous 
chapter. There are several schemes for automatically taking the con- 
trols from the pilot in dive-bombing the moment he releases the bomb: 
tight bandages serve to impede excessive movement of blood from one 
part of the body to the other, and cold air blasts into the face of the 
pilot are helpful. . - 

Undoubtedly, extremely interesting data will be released after the 
war, to assist in making flight at high speeds safe and comfortable in 
postwar commercial aircraft, 


4.0 Emercency Comrorr 


Once the combat is over, it is usually necessary to make a number 
of urgent repairs to plane and crew alike. The purpose of the former 
is to keep the plane flying and get it back to its base or a friendly 
field for regular and thorough repair. Of still greater importance os 
ever, are the lives of the crew and it is necessary to provide not only 
very.complete first aid facilities but, if the plane must be abandoned 
means for safe return to the ground and home. This entails a great 
variety of methods, schemes and devices which fall into the class of 
emergency comfort. They comprise: design for emergency, first-aid 
equipment, fire-fighting equipment, parachutes and life rafts, | 


sae re FOR EMERGENCY concerns, primarily, means to put previ- 
ously-described, essential comfort features back into operation after 
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they have been damaged by enemy fire. This applies to accessories for 
rapid repair or replacement of oxygen equipment, plugging of holes 
in the skin of a supercharged plane and the like. The ventilating system 
must be able to take care of toxic gases which might leak into the 
cockpit or cabin from a shattered engine manifold. The heating system 
must be so designed and located as to permit emergency repairs and 
not become a source of danger itself, if struck by a bullet. 

Cots and bunks must be suitable for giving utmost comfort to a 
wounded flier and facilitate first-aid work, such as blood infusions. 
There also should be at least one hatch in every cabin or compartment 
type of airplane through which a wounded flier can be lifted to the 
ground with a minimum of effort and pain. 


4.2 First Am. Because there may be need of major surgery immediately 
after combat flight crews must be well trained in major first aid; and 
the selection and design of equipment which permits such operations 
on a military airplane and by inexperienced personnel is likewise highly 
important. Means for sterilization, pain relief, blood infusion and the 
like should be available. Selection and regular inspection of these 
accessories by flight physicians is urgently recommended. 
- Even more difficult to compile is proper first-aid equipment for pilots 
of cockpit-type planes who may have to dress major injuries un- 
assisted, while continuing to control their plane. This calls for design of 
ingenious devices, for instance, bandages or tourniquets which can be 
applied single-handed. 

Although not intended for dressing combat wounds, the contents 
of the Woods Emergency Type First-Aid Kit, as provided by American 
Airlines, are typical for first-aid equipment needed on aircraft: 


1 Esmarch Triangular Bandage 1 Bottle Aromatic Spirits of Am- 

6 3x 4 Pierie Acid Gauze Pads monia 

1 Large Bandage Compress 1 Burn Ointment 

2 l-yard pkgs. Absorbent Gauze 1 Tourniquet 

1 l-ounce Absorbent Cotton 1 Pair of Scissors 

3 Gauze Bandages, 2 in. x 6 yds. 1 Pair of Tweezers 

1 Gauze Bandage, I in. x 6 yds. 1 First Aid Book 

2 Cotton Roller Bandages, 2 in. x 5 1 Applicator Bottle Alcoholic Solu- 
yds. tion of Iodine 


1 Adhesive Plaster, 4 in. x 5 yds. | Box Band-Aids 


4.8 rirne-ricutinc equipment. Fire aboard a plane as anywhere may be 


saused by many things. And the close proximity of the powerplants, . 


large gasoline tanks and fumes make even stricter precautions neces- 
sary, apart from the fact that a fire aloft is much more difficult to 
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fight and considerably more dangerous than on the ground. Conditions 
are even more stringent for the military airplane. It is exposed to attack 
by an enemy who will try every means at his disposal to set the plane 
on fire and thus put it out of combat. F ire-fighting is difficult because 
every crew member is needed and the source of fire is usually not DASY 
to reach. An emergency landing may mean loss of plane and crew. 
Thus, the utmost perfection and sim plification in fire-fighting equipment 
has long been the concern of military authorities. 
Invaluable contributions in this respect have been made by Walter 
Kidde and Company who have developed the equipment shown in the 
following figures and which is used successfully on both military and 
commercial airplanes.. The method uses carbon dioxide gas under high 
pressure. Expanding to 450 times its stored volume, the carbon dioxide 
extinguishes the flame by cutting off its oxygen supply. One of the 


Fig. 149 


main advantages of this method lies in the fact that, after the fire has 
been extinguished, there is no trace of the gas left and no damage 
done beyond that caused by the fire, as would be the case with the 
use of water and some chemicals. 

Fire-fighting with this method can be accomplished in two ways: 
by means of the portable extinguisher and by the built-in system or 
remote control. Figure 149 shows the portable extinguisher which 
consists of a steel cylinder, containing two or more pounds of the gas 
under a pressure of 850 psi at 70°. The valve is operated by a trigger, 
and the gas is discharged through a nozzle toward the base of the 
flame. The portable unit is kept accessible in areas where fire is liable 
to break out. Figure 150 shows a section of the Pan American Clipper 
in which the extinguisher is located within a maze of wiring and cables. 
A cat walk gives the required accessibility. 

The built-in system is used to protect the engine accessory com- 
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partment where most airplane fires originate, due to the great flam- 
mability of aviation fuel. It operates on the same principle as the 
portable unit but differs from it in that the gas cylinder is located 
outside the fire zone. The gas is distributed through a piping system 
which is so designed as to discharge the gas at the points where the 
hazard is known to exist. The release valve is operated by a control 
on the instrument panel within easy reach of the pilot. Figure 151 
shows the control box (lower foreground) in a multimotored plane. 
This control is equipped with directional valves which permit discharge 


Fig. 150 Fig. 151 


of the carbon dioxide into the buming engine space from the storage 
cylinder, indicated by arrow. The action of the discharge is illustrated 
in Fig. 152. 

As a further feature of this system, engineers of Walter Kidde and 
Company developed an ingenious device: the impact switch. This 
switch contains a trigger mechanism set to go off under the impact of 
a crash. In this case, the trigger automatically discharges several pounds 
of liquid carbon dioxide into the engine compartment thus preventing 
fire and explosions, if the pilot is unconscious or incapable of quick 
action. 

Bottled carbon dioxide has numerous other uses on aircraft, some 
of which will be described shortly. 
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4.40 paracnutes. The percentage of fliers who have had to “hit the 
silk” and were injured or killed as a result of the jump, although fol- 
lowing all instructions, is extremely small. To achieve such safety in 
what once was a daredevil stunt took many years of methodical de- 
velopment and engineering. The present-day parachute is an intricate 
piece of mechanism which must be designed, built, used and main- 
tained with the utmost care 
because, once resort to it be- 
comes necessary, it is the only 
thing between life and death. 
Fliers saved by a parachute 
will, without hesitation, pro- 
claim it the number one com- 
fort feature. To the engineer 
and serviceman parachutes 
offer interesting aspects, so 
that everyone connected with 
aircraft should have at least a 
general concept of the prob- 
lems connected with them. 
The use of parachutes, their 
rigging and maintenance re- 
quire diligent study and prac- 
tical experience but the data 
presented below, compiled : 
from information supplied by Fig. 152 
the Switlik and Pioneer Para- 
chute Companies, should serve as a brief introduction. 


4.41 Construction of the Parachute~A parachute consists, essen- 
tially, of five assemblies; the Pilot Chute, the Rip Cord, Pack, Harness 
and Canopy. The parts are shown in Fig, 153, which illustrates a Switlik 
Safety Chute. The following is quoted from its description: 

A pull on the rip cord handle “A” releases the single pin fastener “B,” 
freeing cable “C” from around pilot chute bead and channelled edge of tray 
“D.” The combination pack cover and pilot chute “E” thus released, is 
repelled from the pack by the pilot chute springs contained within the pilot 
chute. The continued pull on the rip cord operates the ejector “F” which is 
folded under the second fold near the apex “G,” throwing the peak of the 
canopy away from the body into the air stream, preventing blanketing and 
assuring a positive and rapid opening. 


The pilot chute in the Switlik parachute serves both as a means to 
assure the opening of the main canopy and as the cover for the packed 
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parachute. It is octagonally 
shaped and provided with 
eight lines, each of which 
has a tensile strength of 100 
The pilot chute springs 
are formed, flat steel and 
inserted between tape. 

The rip cord consists of a 

handle made of cadmium 
plated, chrome molybdenum 
tubing, the stainless steel 
rip cord cable and necessary 
fittings made from nickel- 
steel alloys. 

The purpose of the ejector 
in the Switlik parachute - 
to prevent slow opening, 
the pack faces the air aa 
during a jump. 

Fig. 153 The pack tray is 14” deep 

and is made of cadmium- 

plated wire covered with water-repellent duck. The edge forms a 
channel for the rip cord. 

The harness consists of soft and pliable webbing, with a minimum 
strength of 3,000 Ib. As shown in Fig. 
154, it is easily adjustable and holds 
the body securely without discomfort. 
‘The back pad serves to keep the 
harmess in shape, similar to a vest. 

The main part of a parachute is, of 
course, the canopy. It is fabricated by 
joining 24 or 28 similar trapezoids of 
high-grade silk to make up a polygon. 
The diameter of the canopy dev eloped 
is 24 ft for the regular size and 26 ft 
for the oversize. The projected. sizes 
are about 18 and 22 ft, respectively. 
The canopy is provided 1 with a fixed 
vent. Lts suspension lines are continu- 
ous from one lift-web link, through the 
canopy, to the opposite lift-web link. 
They are made from strong silk and 
consist of an outer braid and a core. Fig, 154 
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Constructions and designs vary, of course, for individual manufac- 
turers, however, the general principles follow the above outline. Strict 
specifications by the Army and Navy have further contributed to 
standardization of design. 


4.42 Operation of the Parachute—Originally, there were two meth- 
ods of leaving an airplane by parachute, namely the drag off and the 
free fall. In the former method, the jumper holds on to the plane, lets 
his parachute open and the wind drag him off into space. This method 
is almost entirely obsolete now. 

The free fall is most common in modern parachute jumping. The 
flier leaves the plane with as little effort as possible, steps into space, as 
it were, or kicks off with a slight push in order to avoid somersaulting 


cand subsequent delay in the opening of, or damage to, the parachute. 


When he is sure to have cleared the plane, he pulls the rip cord, thus 
freeing the pilot chute which, in turn, pulls out the main canopy. Many 
accidents have happened, if an excited jumper pulled the vp cord 
too soon and the parachute became fouled in the structure of the air- 
plane. 

In addition to the drag off and free fall there are several automatic 
methods of leaving a military plane which are to facilitate the jump, 
if the plane should be spinning or is otherwise diflicult to leave. Some 
planes are provided with trap doors which are opened by operating a 
simple control and permit the pilot to fall into space without the effort 
of climbing over the cockpit. A somewhat more complicated method 
consists of a mechanism called the automatic chair chute. The occupant 
is strapped to his chair which combines seat and parachute. If he has 
to bail out, he pulls a lever which drops the chair with its occupant out 
and clear of the plane. Such installations have been used on ambulance 
planes. 

Release of the parachute may be either manual or automatic. Auto- 
matic release is effected by attaching the rip cord to the airplane. After 
the jumper has fallen 20 or 30 feet, the parachute is jerked open with- 
out action by the jumper. The purpose of this method is to prevent 
fatal accidents caused by the failure of an unnerved jumper to pull the 
rip cord. Events have shown that such a precaution is not ulcer ats and 
the automatic method is mostly confined to testing of parachutes by 
dummies or mass jumps as performed by paratroops. 

As the terminal velocity of a clothed person is about 130 mph, oe 
opening shock, when jumping from planes exceeding this speed, ¢ 
be reduced by delaying the opening until the body has dea ie 
speed to that velocity. This, of course, can be done only if there is 
sufficient altitude. 
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The minimum advisable altitude for an emergency jump is 200 feet 
although jumps have been made successfully from lesser altitudes. On 
the other hand, jumps have been executed from altitudes exceeding 
30,000 feet without harm. The low air density and extreme cold at these 
altitudes make it advisable to delay the jump until lower altitudes are 
reached. Since the fall of the body will be accelerated until the in- 
creasing air resistance prevents further acceleration at what is termed 
the terminal speed, delayed opening of the parachute is not quite as 
had as it sounds. 

Means for emergency air supply when jumping from great altitudes 
have been discussed before? and should be provided on high-flying 
craft. Protection of hands, ears and nose is essential since freezing of 
those parts during jumps from such altitudes has been reported re- 
peatedly. 


The chute should open in not more than 2% seconds after the rip 
cord has been pulled. ‘This is the average opening time at 70 mph while, 
at 100 mph, this period is reduced to about half. The open parachute 
should descend at a rate of 21 fps, if carrying a man weighing 175 Ib 
with equipment. 

The parachutist has a certain amount of control of direction by pull- 
ing in 2 or 3 feet of several suspension lines on the side toward which 
drift is desired. This control is limited by two factors, namely the 
danger of the canopy collapsing and by the subsequent increase in the 
speed of the fall. As the parachutist approaches the ground, he must 
observe the wind direction and endeavor to land with his back toward 
the wind. His legs should be drawn up slightly so as to give him 
spring. The shock of landing is comparable to that experienced when 


jumping from 12 or 14 feet. 
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Harness is so designed that the jumper can free himself very rapidly 
and thus prevent his being dragged over the ground. Experienced 
jumpers will begin to unfasten the straps a few feet over the ground 
and hold on to the lines until a second before they land. Special 
mechanisms have been designed for paratroops to release their har- 
nesses by means of a quick release button so that they are ready for 
action the moment they land. 


4.43 Testing—Considering the importance of the parachute, it is not 
surprising that all specifications call for a rigorous testing program. 
Most of the testing is done by means of dummies of the shape, size 
and weight of the average flier, which are dropped from a plane under 
specified conditions. In order to observe the action of all components 
closely, the Pioneer Parachute Company built the test tower, shown 
in Fig. 155, on which the dummy is whirled around a circle of 200 ft 
diameter, at speeds ranging from 70 to 350 mph. A high-speed motion 
picture camera records every detail of the parachute’s operation. 

Typical tests as required by the Civil Aeronautics Administration 
are given below in a chart representing test results of Switlik para- 
chutes. 


Number of tests required 12 
Load 170 Ib 170 Ib 600 Ib load 170 Ib 


human 


dummy man dummy man trength t 


70 m.p.h. 70 m.p.h. 100 m.p.b. Terminal 
velocity 


How packed Normal 3 tw 


sts in lines Normal 


Required minimum 3 seconds } seconds 0 ft delayed 
opening time opening 


Switlik 24’ dia. opening 
time 2.5 seconds 


Switlik opening time 
(oversize) 2.6 seconds 3.8 seconds 


Maximum rate of descent : 
(permitted) 21. ft/sec 21. ft/sec 21. ft/sec 


Switlik rate of descent 
(24 ft dia.) 16,15 ft/sec 16.5 ft/see 18,7 {t/see 


Switlik rate of descent 
(oversize) 


4,44 Selection of Parachute—Special conditions require dees oe 
signs for optinrum efficiency, This applies also to parachutes ane 7 - 
sulted in a number of types for particular applications. Choice 0 A 
correct type of parachute contributes greatly to its, users: ane 
often, to ‘the suecess of a jump. The following types are the most com 
mon: | 
Fixed Seat-Pack Parachute is so worn as to ocak as fe bara 
flight. It is rigidly attached to the harness. Figures 156 ale : . : oe 
front and rear view, respectively, of a flier using a Pioneer parachute 0 


Fig, 156 Fig. 157 


i irs are ided wi ans to 
this type. It is worn mainly where chairs are provided wath ee 
accommodate the seat-pack chute and enough head room is vie . 
and where movement of the wearer during flight is not required, ¢ 
in cockpit-type planes. 


Detachable Seat-Pack Parachute is quickly detachable and aia 
able to the harness. It is used in bombers and planes whee secael 
movement through the plane is necessary. The flier Le es ae 
harness, with the parachute stored ina Suite pee Pa 
gency arises, the chute is quickly attached to the harness. 


Back-Pack Parachute is worn on the back as illustrated mn ig. e 
showing a flier wearing a Switlik parachute of ee aaa 
3” thick pack fits closely to the back and lies perce: y ee : ee 
mended for special use where head and leg room earl € pe - 
cabin space is cramped. It can be worn for long flights w 
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convenience. Back-pack parachutes may be either of the fixed or de- 
tachable type. A model of a fixed Pioneer back-pack chute is shown 
in Fig. 159, 

Chest Parachute is detachable and worn on the chest, usually to- 
gether with a seat-pack or back-pack chute. It is employed mainly for 
practice and exhibition jumps as an added safety feature. 


Chair Parachute is designed for use in pilot and passenger chairs of 


cabin-type planes. The parachute forms the upholstery in the chair 
frame and is covered by fabric which blends in with the cabin in- 


Fig. 158 Fig. 159 


terior, The passenger adjusts and attaches the harness as he sits down. 
If he arises, the pack emerges from the recessed chair back and is 
ready for use. Two Switlik installations of this kind are shown in Figs. 
160 and 161. 

Airliners are normally not provided with parachutes. Inspection and 
maintenance of these planes is such that the slight chance of need 
for parachutes does not justify carrying such equipment. Also, it would 
be an almost impossible task to make a score of frantic passengers jump 
safely in an emergency, and the mere presence of these devices with 
the then necessary instructions in their use before take-off would be 
disturbing in the atmosphere of utmost safety for which American 
airlines are famous. 


4.45 Maintenance—A parachute must be examined regularly to 
ascertain whether it is still suited for its vital purpose. According to 
federal regulations, it must be inspected and repacked every 60 days. 
The following factors are of importance: 

Holes and tears in the canopy should be carefully investigated, If 
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smaller than 2”, they may be darned. Tears larger than 2” but smaller 
than 12” should be patched. Holes larger than that require replacement 
of the panel. 

A parachute may never be packed while it is damp or wet. TE it has 
eome in contact with salt water, it must be rinsed in fresh water and 
allowed to dry for 48 hours. The chute must be checked for brittle 
silk, worn webbing, broken stitching and similar damage. Metal parts 
must be examined for rust and wear, and replaced, if necessary. A 
parachute may be used repeatedly, if it is well taken care of but, if 


Fig. 160 Fig. 161 


there is any doubt as to its condition, it should be returned to the 


factory and submitted to a drop test. 
Packing of parachutes is such a complex and important operation 
that it should be Jeft to a licensed parachute rigger. 


5.0 Lire Rarrs 


War knows no sentimentality. A military flier is given a parachute 
iis life but also to keep the services of a trained 
Therefore, it is not enough to have him 
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not merely to save ] 
and experienced soldier. 


i 
: 
4 
j 


return safely to the ground from his disabled plane. It is equally im- 
portant to get him back to his base. 

if the parachutist lands on friendly territory he normally has little 
difficulty in rejoining his unit. If he bails out over enemy territory, 
his chances of avoiding capture and returning are practically 7eY0. 
Between these two extremes is a third possibility: he may land where 
not men but nature throws difficulties into his way, Provision of emer- 
geney rations, tools and similar equipment will facilitate this task 
if he lands in wild and uninhabited country. ie 

Warfare both in the Pacific and around Europe has added another 
ruthless enemy for the parachutist—the open sea. A great Humber a 
fliers parachuted to safety over the ocean only to perish in the waves As 
a result, it was necessary to furnish fliers whose missions 256% Hien 
over great stretches of open water with devices which would sieatly 
improve their chances for return. This required means to Be them 


Fig. 162 


T . 7 eS - Ly - 
f ss padi when hitting the water; means to keep them afloat for 
r > an: rm a am 
: lengthy period and, at the same time, protect them from sharks, sun, 
— and ae and finally, means to attract help. 
1e simplest device is a ‘dinary life belt which has 
ee ies - s o ordinary life belt which has not proven 
3 ‘h service. Next is the collapsible life raft. These rafts or 
oats te made from rubber and carry from one to seven persons. They 
are inf ated by means of carbon dioxide and provided with tarpaulins, 
ae ee He hand pump, water cans, “K” rations, knife, whistle 
first aid kit, fishing utensils < ar equipment ne : 
sh a , fishing utensils and other equipment needed for a lengthy 
stay on the water. : 
; Since it often happens that a landplane sinks before the occupants 
a a chance to remove the boat and inflate it, Walter Kidde and 
ompany developed a system which uses their water-sensitive switch 
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and two cylinders containing car- 
bon dioxide. As the plane hits 
the water, the switch opens the 
release valves on the cylinders. 
The gas from the first cylinder 
opens the hatches of the raft 
compartment in the top of the 
fuselage. Gas from the second 
one inflates the raft which then 
floats free and is held to the 
plane by a light line. The second 
cylinder stays with the raft. In 
this manner, pilots who are 
‘forced down at sea find a com- 
pletely-equipped,  fully-inflated 
boat waiting for them and can 
climb into it before their plane 
sinks. Figure 162 shows rescue of 

Fig. 163 a carrier-based pilot by means of 

this device. 

In ease pilots have to bail out rather than go down with their plane, 
they may use the pack raft which was also developed by Walter Kidde. 
Uninflated, this pack raft is no larger than an ordinary briefcase and, 
like his parachute, is worn by the airman at all times. As seen in Fig. 
163, an attached cylinder, about 10” long and 2” in diameter, contains 
compressed carbon dioxide. The control valve is released by the flier as 


Fig, 164 
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ebsites scheint seb cheat iaceastteanaat 
ccna eatnemeemememeineatiimnmminani ae Te 


plies 


Fig. 165 Fig. 166-A 


ae bag ng from the shrouds of his parachute. When he lands on the 
Me cs e has a fully inflated rubber boat attached to his body, con- 

ining emergency rations, repair kit, sea anchor and oaddlin sm itts 
(Figs, 164 and 165). vee 


= 


Fig. 166-B 


In ar icati 
a esas ee of the water-sensitive switch, the Kidde 
7 g . ae Ae oped flotation bags or airplane water wings. The bags 
rried folded within the wings. As the plane hits the water the 
ater, the 


switch opens the on dioxic 
p the valves of the carbon dioxide container and the in- 
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flated bags pop from their compartment. Figure 166-A shows a pilot 
awaiting rescue while the bags keep his plane afloat. 

One of the latest additions to life raft equipment is the emergency 
radio transmitter built by Bendix Aviation Ltd. This device weighs 
only 33 Ib and sends out an SOS signal automatically through operation 
of a hand crank, and is said to cover an area of 100,000 miles. For those 
who know the Morse code, a keying device permits sending of regular 
messages. A collapsible kite and hydrogen balloon serve for holding 
the antenna which should be raised to about 300 feet for best operation. 
Hydrogen for the balloon is created by immersing a simple penere 
in the sea water. The entire equipment is packed in a buoyant, bright 
vellow water-resistant bag. The pack contains the transmitter, Kite, 
two deflated balloons in sealed cans, two spare reels of antenna wire 
and signal light. Instructions and Morse alphabet are printed on top of 
the transmitter (Fig. 166-B). 

Recent, further developments include devices for day and night 
navigation which can be used with practically no experience; sae 
signal lamps which are powered by small, hand-cranked Beccnaiors an 
are visible over 60 nautical miles; dye markers which, if sprinkled on 
the water, color a large area around the raft a bright, emerald green; 
chemicals which remove the salt from seawater and make it eee 
and many others which are constantly being augmented and improved. 
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XXIII 
COMPARTMENT COMFORT 
1.0 InrropucTION 


Compartment comfort comprises those features which distinguish the 
compartment-type airplane from the cabin and cockpit-types. It con- 
sists, essentially, of facilities for the serving or preparation of food, 
lavatory facilities and “ease of motion.” While these comforts are com- 
mon to both military and commercial compartment planes, the air- 
liners incorporate the added features of “comfort of air travel,” styling 
and entertainment. The first three items should be classed as essential 
comfort as emphasized by the fact that they are required on military 
aircraft. Their scope varies, of course, with the size and purpose of the 
plane and may range from the lower limits of essential equipment on 
war planes to lavish luxury on trans-Atlantic airliners. The last three 
features fall into the class of luxury only as far as the passenger of a 
commercial transport is concerned. To the operators of the airline, this 
comfort is a matter of sound business, therefore, an essential factor 
in drawing up the specifications for their ships. The same reasoning 
applies in styling the cabins of small, private planes. 

There are no rules or formulas for the provision of compartment 
comfort. Its type and scope depends on how much it is worth, in terms 
of weight, to the operator, whether it is a military agency or an air- 
line. Once the maximum permissible weight has been determined, it is 
the combined task of designers, artists and executives to make the 
best possible use of it. Considerations of space and price are, often, 
additional limiting factors. 

Tt is an almost hopeless task to go into the details of each of the 
comforts mentioned above without encroaching on subjects, entirely 
alien to aircraft. On the other hand, the story of aircraft comfortization 
would not be complete without a general description of these features. 
Many of their technical details have been discussed throughout this 
text. Therefore, the old Chinese advice that one picture is worth one 
thousand words will be heeded, and compartment comfort explained 
by photographs of existing installations supplied by airlines and ac- 
cessory manufacturers. 


2.0 Essential COMFORT 


Essential, compartment comfort may be defined as equipment or 
provisions the lack of which would be felt as a distinct discomfort dur- 
ing lengthy trips on military or commercial airplanes of the compart- 
ment type. 


2.1 Foop suppLy. Facilities for food supply or catering, as it is termed 
on airliners, must be provided for trips exceeding two hours duration. 
Although the normal time between meals is from four to six hours, 
inactivity, fresh air and travelling as such tends to make people more 
hungry than usual. Accordingly, it is necessary to furnish not only 
regular meals but also in-between snacks, refreshments, and cold or 
warm drinks. 

This problem is simplified on the military plane inasmuch as selec- 
tion of simple but tasty and wholesome menus is made on the ground 
without regard for individual preferences, and necessary refreshments 
included. In addition, flight crews are usually composed of not more 
than from five to ten members. 

On the commercial airliner, passengers may number from a score to 
several times that many who expect a variety of food to suit their 
taste or physical requirements. For this reason, the distinction between 
food supply and catering is not merely a choice of words. 

There are two general methods of providing meals, In the first one, 
complete meals, warm drinks, ete. are prepared on the ground and 
stored aboard in insulated containers which keep the food warm or 
cold. In the other method, there are more or less elaborate cooking 
facilities on the plane permitting the preparation of a variety of warm 
foods, from coffee to complete meals. 

On military cabin planes, the first method is almost universal. 
Thermos containers with coffee and ice water are standard equipment. 
Sandwiches, fruit, candy and cigarettes are supplied mainly on long 
trips. Emergency rations are always aboard, anticipating emergency 
landings or the need for parachuting. Permission to smoke within the 
cabin during regular flight may sometimes be an effective stimulant 
and nerve tonic, Ashtrays and cigarette lighters should not be consid- 
ered a luxury but necessary. 

Military compartment-type planes usually contain a small galley and 
facilities for storing food so that warm and fresh food may be avail- 
able even during very long flights. In addition, a compartment-type 
plane may have to serve as living quarters for its crew. Cooking facili- 
ties are preferably provided by electric hot plates which are simple 
and safe, Storage compartments are well heat-insulated and, in some 
cases, refrigerated. , 
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Commercial airlines serve full-course meals three times a day at the 
usual meal hours. On trans-continental flights with regular ae after 
not more than four hours, it is the rule to prepare the een the 
ground as this eliminates the need for cooking facilities and sulin 


Fig. 167 


help aboard, and can provide a limited but we 
meals are served shortly after take-offs, the food is hardly off the stove 
when it reaches the passenger. It is cooked in elaborate kitchens (Fig, 
167) which are located at all major airports, and stored either ready £6 


Il-planned choice, Since 


Fig. 168 Fig. 168-A 
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serve, tray and all (Fig. 168), 
Refreshments between meals are 


passenger. This require 


for coffee, icewater, lemonade and milk 


1 


a, 


é 


0 


Fig, 169 


or dished out during flight (Fig. 168-A). 
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served at all times, at the wish of the 
s suitable and convenient thermos containers 


(Fig, 169). 


sich dia goat CH 
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The multiple duties of a stewardess and the comparatively large 
number of passengers make it important to give her all aids necessary 
to divide her attention equally among the occupants of the plane, 
including the flight crew. She should be provided with a suitable 
working space which is large enough to prepare the trays and any 
necessary special diets (Fig. 170). Icewater should also be obtainable 
without assistance of the stewardess, with well designed water and cup 
dispensers in convenient reach of all passengers (Fig, 171). 

In trans-oceanic airliners, it is advisable to arrange for cooking 
facilities since long-stored food will lose its taste. Therefore, such 
planes have galleys completely equipped with stove, refrigerator and 
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other utensils needed for preparation of full-course meals for as many 
as 85 persons. Refrigerators may be either electric or flame type. Dry 
ice will often suffice as refrigerating agent, if the supply can be re- 
plenished at major stops. Heat for stoves can be furnished electrically 
(preferably)—and by means of glycol or steam-carrying coils connected 
to boilers in the engine exhaust. Meals are prepared by regular chefs 
and served by stewards. On the Boeing Clippers operated by Pan- 
American the spacious lounge is converted into a regular dining room 
during meal time (Fig. 172). All furnishings and utensils are specially 
designed for lightness, utility and eye appeal. 


2.2 LAvATORIES on military airplanes are usually limited to a toilet. 
However, some facilities for washing are quite useful for such person- 
nel as the navigator or others who have to handle maps, records and 
charts. Means for cleaning are likewise desirable in administering , 
first aid. 
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Airplane toilets are of very simple construction and consist, in most 
cases, only of a seat, which may be hinged, and individual bags made 
from watertight paper which are sealed after use and disposed of 
either when flying over the open sea or after landing. Figure 173 
shows a patented design proposing a metal receptacle, a hinged seat 
and an accordion-shaped, multiple bag with numerous, individual 
compartments which are automatically sealed after use. The seats 
should be made from wood or plastic but never from metal. Toilets 
should be located so as to be in a comparatively warm and draftless 


area of the plane and properly vented or ventilated. No matter how 
primitive, they must be provided on all military planes of cabin and 
comparbnent-type. 

Lavatories on commercial planes have to meet incomparably greater 
requirements. They must, of course, afford absolute privacy and, on 
large craft, individual rooms for women and men. They should be 
roomy and furnished amply and in good style. Water is essential, with 
hot water as an added feature. 

The modern airplane traveller is spoiled and expects all of the con- 
veniences of his home bathroom save shower. In addition, he requires 
freedom of motion and is very annoyed if he bumps into something 
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Fig. 174 Fig. 175 


every time he turns around or bends over. It is most interesting to see 
how well individual designers have solved these problems which are 
among the most puzzling of cabin design. 

Figure 174 shows the men’s and women’s dressing room on one of 
United Air Lines’ pre-war sleeper planes. These rooms contain every 
accessory required and, de- 
spite the small space, permit 
their use without discomfort, 
Where more space can be 
allotted, lavatories are de- 
signed with a maximum 
roominess and elegance as on 
the Boeing 314-A Clipper 
(Fig. 175) and the women’s 
dressing room aboard the 
Boeing 307-B_ Stratoliner 
(Fig. 176). 

The wash basin seen in 
Fig. 176 is provided with 
faucets for cold and hot run- 
ning water. Of course, such 
convenience is possible only Fis. 176 
on very large planes where arcs 
the weight of a few gallons of warm water and facilities for heating or 
storing it do not count as heavily as on a smaller plane, Water may 
be heated either in a main storage tank or, if the piping to the lavatory 
is long enough to make weight and heat losses a consideration, in 
separate tanks located in or adjacent to the lavatory. Heating may be 
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accomplished by electric gmmersion heaters or copper oe throue) 
which steam or hot glycol is cireulated. Thermostatic controls are ne — 
sary under all circumstances. A storage met thod is employed in bi 
installation shown in Fig. 176. ° The handles seen to the left and right 


are actually smal] pumps by which both the hot and ae es 
sucked up from thermos containers and into the basin ae - ee 
has several advantages in that it discourages the waste of water : 

avoids need for heating. However _ it is not feasib le for consumption 
such as on very large and trans-oceanic ate assent eo 

Medium- sized passenger planes without sleeper service usually 
tain only one lavatory which re- 
quires much less space since 
facilities for dressing need not be 
elaborate. Wash basins furnish 
cold water only and are designed 
for compactness and conven- 
ience rather than for luxury (Fig. 
177). This applies equally to 
other accessories such as the pa- 
per and towel holders shown in 
Fig. LT7-A. 

The design of a suitable toilet 
is another difficult problem, Tt 
must be light, compact, comfort- 
able and sturdy. Although there 
are systems which use waste 
water from the galley for flush- 
ing, most airplane toilets collect 
the waste in removable con- 
tainers which are filled with a 


deodorant and germicide, and are emptied only during stop-overs. 
This requires means for preventing nausea of passengers by covering 
the contents of the receptacle and properly venting it. A toilet of this 
kind is illustrated in Fig. 178 which shows seat < incl cover, hinged to 
an outer container, and the inner container or receptacle, 

A more elaborate model is shown in Fig. 179. It can be lifted out in 
its entirety or emptied by removing the top. The pipe seen at the left 
serves for attachment of a vent. Toilets like this are suitable for use on 
large airliners which may also provide urinals, stamped from light- 
weight metal and covered with vitreous enamel (Fig, 180). 

Common requirements for all airplane lavatories are outlets for 
electric shavers, adequate ventilation and heating, suitable illumina- 
tion, fresh-air nozzles and call buttons. 


Fig, 179 Fig, 180 


2.3 EASE OF MoTION. Although not directly the responsibility of the 
comfortization engineer, ease of motion through the plane should be 
emphasized in the interior design. 

The average military plane, with few excepti ous, is equipped with 
narrow cat-walks interrupted by the high steps of bulkheads, making 
quick movement from one. part of the plane to the other difficult and 
dangerous. Flooring adds weight but, apart from cause means 
for better motion, it will aid in the heat- and soundproofing of the 
plane and thus save weight for these installations. Railings along the 
walks are desirable, even if they are only rope. They help prevent falls 
and consequent injuries to crew members or damage to accessories 
during rapid changes of the plane’s attitude. 

Dressed in heavy flight gear, weighted down by oxygen equipment 
and often carrying bulky loads, military crews are sometimes so badly 
handicapped in their movements that they cannot execute their tasks 
as efficiently and speedily as required. Particularly during combat, 
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Fig. 181 


existing equipment. C 
quirements will help incre 
add to the usefulness of the plane. 

In commercial airplanes, motion of p 


Fig. 182 


may not be consi 
sengers should be able t 
discomfort and be able to walk comfort 
toilet or magazine rack, Figure a 
partment on the Boeing 314-A Clipper 
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> +, pe 
‘onsideration of the human body's physical ca 
ase its efficiency and endurance, and thus 


assengers through the cabin 


dered vital nor desirable. On the other hand, pas- 
o move out of or into their seats with minimum 
ably to a drinking fountain, 
181 shows the arrangement of a com- 
which is exemplary in this 


respect. Low allowance for space is no excuse for impeding the motion 
of passengers. 

The “Flying Aces” of Ameri- 
can Export Airlines, converted 
from a design for a Navy 
Bomber, were mentioned ear- 
lier. Inasmuch as such conver- 
sions will become a frequent. 
necessity after the war, it is 
highly instructive to examine 
the cut-away view of this 
plane in Fig. 182, and to see 
how splendidly utility and - 
passenger cabins are arranged, 
providing both comfort within 
and easy communication be- 
tween individual compart- 
ments. This is emphasized 
even more in Fig. 183, which 
shows a view down the aisle 
as seen from the lounge of 
this plane. . Fig. 1883 


38.0 COMMERCIAL CoMFORT 


“Comfort of Air Travel,” “Styling” and “Entertainment” are not re- 
quired on military planes; these therefore, are classed as commercial, 
compartment comfort. Their purpose is to make travel on airplanes 
not only comfortable but a pleasure. 


3.1 COMFORT OF AIR TRAVEL refers to provisions which tend to minimize 
discomforts such as air sickness, ear trouble and similar effects of travel 
at high altitudes and at great speeds. 

While military flight personnel can be selected for its suitability, 
airlines carry every type of passenger and must try to educate people 
who fear the discomforts of air travel. These discomforts are greatly 
reduced on modern airliners by special design and careful piloting. 
On the other hand, there are persons who become sick even in an 
automobile so that there must be limits below which a certain amount 
of discomfort becomes a maiter of individual constitution. 

Airlines attempt to counteract such inconveniences by increased 
personal service. Stewardesses are provided on every passenger plane 
and carefully trained in assisting passengers to the utmost. They are 
fully equipped to help mothers with babies (Fig. 184) or make sick 
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Fig. 184 


carry with them an assortment 


sc areane comfortable (Fig. 185). They ; - 
persons comfortable (Fig ) ) eivable wish 


i in the answer to every cone 
of implements which contain the answel! ae Lon oe eae 
. as i at sats of a service kit as car 

rer, F Ane are the contents oF a servi 
of a passenger. Following ¢ fa 
by the stewardesses aboard the American Airlines’ Flagshiy 
Woods Emergency Type First Aid Kit (Described previously) 


ee Alka-Seltzer, 12 Tablets dine sash nslsat 
Bag Ammonia Inhalant, 40 per bag (in 3% x 6% Glassine 
ba) 


Fig. 185 
| 336 ] 


| 


15 Pk’ts. 
1 Bottle 
10 Pk’ts. 


Aspirin, 2 Tablets per Pkt. Gin 3% x 64% Glassine) 
Astringosol, 1 oz. 


Bisodol Powder (in 8% «& 44% Glassine) 


1 Pkt. Chux Diaper 

1 Each Cotton Picker, Small 

1 Bottle DeGerm, full strength, 1 oz. 

12 Each Kwik Bandages (in 8% x 64 Glassine) 

2 Each Nasalators, in Original Boxes 

1 Bottle Neo-Synephrin, Bottle & Dropper, 1 oz. Original Box 
l Can Taleum Powder, 1% oz. Johnson's 

1 Each Atomizer, DeGerm, Empty 

2 Each Combs, Small (in one white box 3% x 3% x %) 
1 Hach Shaver, Electric, Complete 

10 Books Matches 

21 Each Airways Traffic Control Folders, T-99 

2 Hach Pencils, Black Lead, No. 2 

1 Each Pencils, Red Lead 

1 Deck Playing Cards 

I Pad In Flight Stationery 

50 Each T-11 Identification Tags + 


Stewardess call buttons operating a visual annunciator system are 
provided for every passenger, as are ash trays and other conveniences, 
as well as sanitary containers for persons who become sick. Chewing 
gum is offered to counteract the eftects of changes in altitude during 
take-off and landing. 

The extent to which an airline must go to make air travel comfortable 
for its passengers is realized by a study of the arrangement of passenger 
and service compartinents in the cut-away view of a Pan-American 
Super-Clipper (Fig. 186). Following are the stations as denoted by the 
numbers in the picture: (1) Anchor Hatch (2) Seaman's Compartment 
(3) Bridge (where the flying controls of the liner are located) (4) First 
Pilot (5) Second Pilot (6) Radio Direction Finder “Loop” (7) Navigation 
Compartment (8) Radio Officer's Post (9) Chart Room-Navigator’s 
Post (10) Map Case, Marine Library, Drift-Sight Bombs, Flares, Navi- 
gational Instruments (11) Engineering Officer, and 
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echanical Engine 


and Aircraft Controls (12) Captain’s Office (18) 1500 hp Wright “Cy- 
clone” engines equipped with Hamilton constant speed, automatic 
adjusting propellers (14) Mechanic’s Wing Station (15) Controllable 
landing lights (16) Wing Span 152 ft (17) Navigation Lights (18) Main 
Cargo Hold which extends way into Wing (19) Crew Sleeping Quarters 
(20) Luggage Holds (21) Radio Aerial (22) First Passenger Compart- 
ment with accommodations for 10 persons (23) Spiral Staircase to 
Bridge (24) Men’s Retiring Room (25) Galley in which two stewards 
‘an. work simultaneously and where food can be prepared for 85 
persons (26) Second Passenger Compartment with accommodations 
for 10 persons (27) Dining Lounge with accommodations for 15 pas- 
sengers (28) Third Passenger Compartment with accommodations for 
10 persons (29) Fourth Passenger Compartment with accommodations 
for 10 persons, illustrating method of making up berths for conversion 
of airliner into ocean sleeper (80) Fifth Passenger Compartment for 
10 persons (31) Ladies’ Dressing Room (82) Sixth Compartment (33) 
Private Cabin Suite (34) Fuel Pumps for transferring fuel from Sea- 
Wings to Wing Tanks (35) Auxiliary Hold. 

Comfort of air travel is further enhanced by the unique atmosphere 
of friendly helpfulness and emphasis on service which is typical for 
American airlines. This atmosphere surrounds the passenger from the 
moment he enters the airport limousine and makes him immediately 
comfortable, giving him a feeling of security and self-confidence which 
stays with him throughout the entire trip, no matter how air travel 
affects him. 

The airlines are also showing excellent judgment and good psychol- 
ogy in giving instructions to their passengers. Where instructions are 
necessary, such as for fastening a seat belt, no smoking during landings, 
closing of window shades during take-offs from and landings on re- 
stricted zones or even explanations for removing non-priority passen- 
gers, they are given in such a manner as not to antagonize even the 
most sensitive person. 

It is such appreciation of every minute detail pertaining to personal 
comfort which has skyrocketed the passenger miles of airlines in the 
United States. 


3.2 sryiine of the cabin of an airliner is a challenge to the artist be- 
cause it sets such limits. The weight is limited beyond what he con- 
siders reason; he must not interfere with the soundproofing scheme or 
illumination, His fabrics must be light, bright, porous, flameproof and 
washable. Bulkheads, stringers, control cables and other obstructions 
are all over the place and yet, his artistic scheme must surpass any- 
thing he has ever done. As a result, men like Howard Ketcham had to 
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oe a entirely new concept of styling to meet two conclitions in 
nee ; : eee and, it should make the passenger 
cond soo te - Sa be airplane. The latter condition may 
Ro aces a comfort accessories must be designed 
which seems to ou at ee ae nee ae ce oy oo 
Nee at EVERY OC sion: pee, now light I am!” Fixtures 
= as Bayan - na appeal, Chairs may be so over-designed as 
sories may seem to stress 
functional] design to the 
point where they look more 
ridiculous than practical. 
Therefore, an experienced 
designer will hide the light- 
ness and simplicity of de- 
sign behind a scheme which 
does not remind the passen- 
ger at every turn that it is 
necessary to save weight, 
weight and weight. 
Similarly, the stylist must 
convey the impression of 
roominess, even in a small 
cabin, and thus contribute 
greatly to the overall feel- 
ing of comfort. Such a de- 
sign is illustrated in Fig. 
187 which shows another 
interior view of the F lying Fig. 187 


“Aces. The simple, straight 


lines and conservative color scheme 
that he occupies the cramped 
used to be a bomber, 

Even greater effects can be obt 
available. Most remarkable in thi 
partment on a Boeing Stratoliner 
(Fig. 188). Similar principles 
ment, from elaborate chairs 
shown in Fig. 189 which cor 
pearance, 


would never remind a passenger 
space between the bulkheads of what 


ained where somewhat more room is 
S respect is the view of a triple com- 
which was styled by Howard Ketcham 
apply to every piece of accessory equip- 
to simple ash receivers such as the ones 
mbine functional design with artistic ap- 


3.3 ENTERTAINMENT, As passengers be 
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come restless and tired of sitting 


Fig, 188 neat 


still, they are more likely to feel the effects of ay iden Kae se 
tedious hours on a trip may keep them from undertaking ang ss ane 
For this reason, airlines provide every possible facility nenes 
ment or occupation of passengers. Medium-sized eines sale 
magazines or writing utensils, including tables. Steware pee . z oe 
to entertain children (Fig. 190) and are instructed to answer : a 
ple questions asked by passengers, point out teresting se y an 
like. On larger planes such as the pte aa aed t teats 
spaciousness permits games of all types (Fig. 191), and no ing Dee 
of the conveniences of an exclusive club are provided in the luxurious 
lounge of the Pan-American Clippers (Fig. ne iia ate 

However, the main feature of entertainment on an arp re er : 
flight itself. The scenery below is, to most passengers, one of the fore- 


Fig. 190 Fig. 191 
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most thrills of air travel and airlines, therefore, route their planes over 
interesting territory whenever possible, providing maps and descrip- 
tions of the points crossed in flight (Fig. 193) 

Location of windows in the low-wing 


airplanes, presently used for 


Fig, 192 


continental passenger transport, are not always suitable for sight-seeing 
when relaxing in the chair. Further developments will undoubtedly 
take the desire for this comfort feature into account and provide post- 


war transports with arrangements giving all of the passengers a com- 
fortable and unobstructed view of the scenery below. 


Fig. 193 
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4,0 CoNncLusion 


This is the story of comfortization. It is by no means complete and 
many details have been omitted which might have been of interest. 
However, some of these details would have required more than the 
available space, others could not be told for military reasons, and others 
again may have been overlooked by the author because aircraft com- 
fortization is such a vast subject. 

As long as it was intended to give merely an outline of this phase 
of aircraft design, it was not necessary to touch on every one of its 
numerous problems. The concepts of comfort change with time and 
man. What was considered a rare luxury yesterday, is indispensable 
comfort today and ridiculed discomfort tomorrow. Many of the schemes 
and features described above may have become obsolete by the time 
this text reaches the reader and, in the rapidly moving stream of new 
developments, may have been abandoned or replaced by better, lighter 
and more efficient designs. 

Although the ideas of what constitutes comfort may change, the 
physical requirements of the human body remain the same and, with 
them, the fundamental principles of comfortization, no matter what 
their practical application will be. 

It is unwise for an engineer to make predictions and, in this case, 
foretell whether and when there will be radio and television and 
humidity control and other features on airliners of which today’s in- 
ventors dream. There is only one fact which stands out as certain: 
Just as the American aircraft industry has been foremost in providing 
and using the tools for victory in this struggle, thus it will always be 
first in adopting whatever the new concepts of comfort should be in 
the future and, for that matter, create most of them. 
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Absorption, sound, 243 
Accessories, heating of, 126 
Aerodynamic noise, 253 
After-burning, 140 
Air 
changes, 40 
conditioning 
definition, 38 
ground, 13 
density, 42 
distribution 
installation, 61 
methods of, 59 
ducts (see Ducts) 
flow 
area, calculation, 86 
controls, 62 
inlets, 64 
intake, area, 190° 
pressure, 69 
quality of, 62 
quantity, calculation, 40 
scoop, 50 
space, purpose, 271 
spill, 50 
supply 
combustion, 153 
individual, 66 
means for, 48 
methods of, 48 
requirements, 38 
selection, 90 
ventilation, 154 
travel, comfort, 335 
velocity, 87 
ventilating, back pressure of, 189 
Airborne noises, 251 
Airplane types 
cabin, 18 
cockpit, 18 
compartment, 19 
Altiheater, 176 
Altitude 
air densities, 42 
heater controls, 167 
humidity, 46 
temperatures, 99 
performance, heat exchangers, 204 
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Anemostat, 65, 80% 
Anoxemia, 44 

effect on eye sight, 300 
Anti-frosting, 109 

heat requirements, 129 
Anti-icing, 106 

heat requirements, 13] 
Area, anti-icing, 131 
Armoring, 308° 
Ash receiver, 339 
Attenuation, 233 


Back-pack parachute, 318 
Back pressure, 72 
exhaust, 185 
ventilating air, 189 
Bel, 2838 | 
Berths, 293 
Blast-heating, 127 
Blower 
calculation, 71 
choice of, 156 
ventilating, 51 
Boiler, steam, 148 
Branch duct, 77 
Bunks, 295 


Cabin, heating, 119 

Candlepower, 297 

Canopy, parachute, 314 

Carbon dioxide 
concentration, 41 
for fire-fighting, SLL 
for life rafts, 321, 392 

- Carbon monoxide 

burning, 140 
concentration of, 41 
indicator, 141 

Catering, 326 

Ceiling 
choice of, 44 
heaters, 161 

Central heating, 217 

Chair parachute, 319 

Chairs, 285 

Chest parachute, 319 

Cockpit, heating, 116 

Coefficient : 
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film, 181 
of heat transfer, 123 
of utilization, 298 
Combat comfort, 307 
Combustion, air, 153 
requirements, 159 
Comfort 
emergency; 809 
level, 229 
protective, 307 
Comfortization 
definition, 9 
planning, 24 
requirements 
commercial, 10 
military, 12 
standards, 28 
types, 21 “S 
Compression, heat increase by, 126 
Conductance 
heat, 128 
overall, 181 
thermal, 181 
Conductivity 
heat, 125 
thermal, 181 
Controls 
air flow, 62 
altitude, 167 
heaters, 164 
modulating, 165 
ram, 168 
Cooling 
accessories, LOG 
cabins, 103, 115 


Cushions, airplane seat, 


298 


Damper, pressure drop in, 80 
Damping, vibration, 269 
Decibel, 233 
Decompression chamber, 96 
De-icing, 108 
Density, air, 42 
Diameter, hydraulic, 75, 195 
Diffuser, air, 65 
Double-pane windshield, 110, 129, 252 
Draft, 59 
Duct, ducts 
area, calculation, 86 
branch connections, 
construction, 63 
installation of, 61 
pressure drop in, 75 
Dueting, 63 
overhead, 64 
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sidewall, 65 
Dust filter, 62 


Efficiency, heat transfer, 182, 188 
Elbow 
round, 78 
square, 79 
Electric : 
equipment, lighting, 305 
flying suit, 185 
heating, 134, 219 
Emissivity, 132 
Engine noise, 253 
Entertainment, 339 
Equilibrium, thermal, 180 
Exfiltration, 49 
Exhaust 
air heater, 139 
gas 
heating, 137 
quantity per hp, 183 
specific heat, 187 
liquid heater, 147 
noise, 249 
pipe, required diameters, 184 
steam heater, 142 
Exhauster, air, 66 


Fabric, trim, 272 
Fan 


coaxial, 157 
ventilating, 51 
Film coefficient, 181 
Filter, duct, 62 
Fire-fighting equipment, 810 
First-aid, 310 
Flame dampener, 140 
Flaps, ventilation, 49 
Flight gear, electric, 185 
Flow 
area, air, 86 
resistance, 276 


. : eo 
Fluorescent lighting, instruments, 303 


Flute, heat exchanger, 195, 200 
Food supply, 326 
Foot-candle, 298 
Friction factor, air, 72 
Fuel 
-air ratio, effect of, 202 
consumption, heaters, 151 
injection, 158 
supply, heaters, 157 


Galley, 326, 829 F 
Jasoline, heating yalue, 151 
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Glare, 304 
Glycol, 144, 148 
Goggles 
dark adapter, 300 
flyers’, 300 
Grille, air inlet, 65 
Ground 
air conditioning, 18 
heating, 111, 221 
requirements, 132 
ventilation, 96 


Heat 
conductance, 181 
conductivity, 181 
exchanger 
flow types, 203 
plate type, 202 
requirements for, 138 
tube type, 201 
flow, rate, 180 
loss 
transmission, 122 
ventilation, 119 
requirements, calculation, 116 
specific, exhaust gas, 187 
suppl 
methods, 134 — 
requirements, 98 
selection of, 216 
transfer 
coefficient of, 123 
theory, 179 
transmission, 181 
Heater 
exhaust air, 139 
exhaust liquid, 147 
internal combustion, 149 
Heating 
accessories, 104 
central, 217 
blast, 127 
electric, 184, 219 
exhaust gas, 137 
flight crews, 99 
galley, 226 
ground, 111, 221 
passengers, 102 
spot, 216 
Heat-proofing, 282 
Humidity, 45 
control, 273 
Hydraulic diameter, 75, 195 


Icing, causes of, 106 


Ignition 
‘heaters, 158 
hot-wire, 158 
Ulumination, 801, 897 
Impact switeh, 312 
Impervious septum, 276 
Infiltration, 48 
Inlets, ‘air, 64 
installation, 61 
Instruments, illumination of, 803 
Intake, air, 190 
Intensity, sound, 234 
Internal combustion heater, 149 


K factor, table of, 125 
Kapok, 260 


Lavatories, 329 
Lead, deposits, 152 
Level 
comfort, 229 
reference, 237 
speech, 230 
Life rafts, 320 
Light meter, 298 
Lighting, 297 
dome, 804 
fluorescent, 308 


Logarithmic mean temperature differ- 


ential, 197 
Loudness, 289 
Louvre, air inlet, 65 
Lumen, 297 


Materials, soundproofing, 258 
Metabolism, heat produced by, 119 
Millibar, 288 

Modulation of heat output, 165 
Motion, ease of, 333 


Noise 
effects, 229 
sources, 247 
ventilation, 60 


Optical instruments, 301 
Outlet, individual air supply, 66 
Oxygen 
combustion, 159 
system 
high pressure, 54 
low pressure, 54 
requirements of, 58 
supply, 55 


Pack raft, 822 
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Parachute 
construction, 313 
operation, 315 
repair, 320 

Perimeter, 75, 195 
effect, 200 
thermal, 199 

Pilot 
chute, 313 
efficiencies, 99 

Plenum chamber, 64 

Preheating, 112 

Pressure 
drop, calculation, 71 
sound, 239 

Pressurization, 36 

Propane, as fuel, 177 

Propeller 
anti-icing of, 109 

electric, 186 
noise, 248 
Pump, feedwater, 146 


Radiation, 132 
Radiator, steam, 146 
Radio transmitter, emergency, 324 
Radius ratio, 78 
Rafts, 320 
Ram, 190 

air, 69 
Rate, metabolic, 119 
Recirculation, 62, 103 
Reference level, noise, 237 
Refrigeration, food, 829 
Resistance, specific, of air, 72— 
Reverberation, 278 
Reynolds number, 72 
Riser, air, 64 


Sabine, 244 
Seoop 
air, 50 
calculation, 87 
pressure drop in, 80 
Seating, 285 
Seat-pack parachute, 318 
Seats 
load, 287, 298 
military, 286 
non-military, 290 
Septum, impervious, 276 
Service kit, 336 
Sight 
conditioning, 299 
protection, 300 


Sound 
definition, 232 
intensity, 234 
measurement of, 232 
pressure, 239 
theory, 231 

Soundproofing 
fiseanentee: 229 
maintenance, 281 
materials, 258 
primary, 240, 247 
secondary, 241, 244, 254 
specifications, 254 


Specifications ‘ 


planning, 25 
soundproofing, 254 
Spill, air, 50 
Spot heating, 216 
Standards 
purpose, 28 
scope, 33 
Steam heater, 142 
Stratification, 60 
STU, 116 
Styling, 338 
Sump, steam heater, 144 
Supercharging, 126 
cabin, 55 
negative, 161 
planes 
cabin, 93 
cockpit, 91 
commercial, 96 
compartment, 95 
positive, 161 
Surface 
heat transfer, 180 
Switch 
impact, 312 
water-sensitive, 322 


Temperature 
ambient, 100 
at altitude, 99 
design, 101 
differential, logarithmic mean, 197 
effective, 102 
exhaust gas, 186 
isothermal, 77 
variations, 104 
Test 
cold, 172 
life, 172 
starting, 172 
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Thermal 
equilibrium, 180 
perimeter, 199 
Toilets, 380, 332 
Transmission 
heat loss, 122 
sound, 241 
Trap, water, 62 
Trim fabric, 272 
Tube, heat exchanger, 201 


Unit heater, 216 


Velocity, terminal, 315, 316 
Ventilating 
air 
back pressure, 189 
supply, 154 
noise, 250 
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system, calculation of, 68 
Ventilation 

forced, 51 

ground, 96 

heat losses, 119 

natural, 48 

scoop, 50 
Viscosity, 192 


Water 
heating, 331 
trap, 62 
Watts, conversion of, 128 
Weight 
heat exchangers, 207 
soundproofing, 278 
Windows, 301 
Windshield, 801 
double-pane, 110, 129, 252 
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